ELECTRONIC CIRCUITS 
SECTION 5 


NAVSHIPS 


VOLTAGE-REGULATOR CIRCUITS 
PART A, ELECTRON-TUBE CIRCUITS 


GAS-TUBE REGULATOR. 
APPLICATION. 


The gas-tube regulator circuit is used in certain elec- 
tronic equipment power-supply circuits to obtain nearly 
constant output voltage(s). 


CHARACTERISTICS. 

Regulated output voltage to load is nearly constant; 
voltage drop across regulator tube remains nearly consiunt 
for considerable range of tube currents. 

Voltage-divider principle employed, using fixed resist- 
ance and variable resistance (yoseous Teguiator tube) in 
series; regulated load is taken from across regulat 

Variation in basic circuit permits positive (pl: 
screen} or negative (bias) supply voltages to be regulated. 


CIRCUIT ANALYSIS. 

General. The gas-tube regulator is one of the simplest 
types of voltage regulators. The regulator circuit consists 
of a fixed resistor in series with a cold-cathode, gas-filled 


4 
4 
< 
< 
8 

4) 
are 
a‘ 


i 
‘ 


ORIGINAL 


900, 000. 102 VOLTAGE REGULATORS 
regulator tube. The regulated output voltage is developed 
across the regulator tube; therefore, it is actoss this tube 
that the load 1s connected. 

The regulator circuit develops a definite output voltage 
which is dependent upon the type of yas tube used in the 
circuit, provided that the variation in load current {s within 
the operating range of the tube type employed. Gas tubes 
ate rated according to the voltaye appearing across the 
tube during normal operation and according to the maximum 
permissible current through the tube. Typical approximate 
operating voltage ratings for cold~cathode yas-tilled tubes 
are 75, 90, 105, and 150 volts d-c; typical maximum current 
ratings are 30, 40, and 50 milliamperes. 

Circuit Operation. In the accompanying circuit schematic, 
ports A and 5 illustrate o gas tube used in a basic voltage 
regulator cirouit, Reoistor R, is the series recistnr: electron 
tube V1 is the gas-tiiled requiator tube. The circuit given 
in part A provides regulation of u positive input voltage, 
while the circuit given in part B provides regulation of a 
negative inpu s 1 regulator tubes may he con- 
nected in a series eonibinition: if desired, to obtain d higher 
regulated output voltage. In the accompanying circuit 
schematic, parts C andD illustrate two requiator tubes in 
series, The circuit given in part C provides regulation 
of @ positive input voliage, while the circuit yiven in part 
D provides regulation of a negative input voltage. Inter- 
mediate regulated voltages can be obtained from the junction 
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ELECTRONIC CIRCUITS NAYSHIPS 
of the regulator tubes in the latter two circuits (or from the 
junction of any series combination of regulator tubes), 
orovided that the current drain of the associate? load is 
keot low. 

The cold-cathode yas-tilled regulator tube is a two- 
electrode tube with a cathode and plate. The evacuated 
tube contains a smal! amount of yas, such as neon, which 
is sealed inside the tube. ‘then sufficient voltage is ap- 
plied to the tube, ionization of the gas molecules occurs 
and is responsible for the current passing through the tube 
during operation. If a yas tube is connected directly across 
a source of voltaye which is high enough to iorize the gas, 
the current will immediately increase to such proportions 
that the tube may be damaged. The use of a series resist- 
ance is essential, therefore, to limit the current through 
the tube. 

There ate two separate voltayes to be considered in 
discussing the conditions under which the regulator tube 
will ionize and operate; these voltages are the breakdown, 
or firing, voltage and the operating voltage. The breakdown 
(or firing) voltage is that voltage at which the gas becomes 
lonized and begins to pass current, Below this starting 
voltage the gas will not ionize and current will not pass 
through the tube. The operating voltaye is the voltage at 
which the tube will remain ionized after hoving started. 

Tr 2is aconsiderable difference between the supply vol- 
tc nd the voltage at which the regulator operates. 
i ifference is compensated for by the series resistor, 
‘ch also serves to stabilize the load. 
value of the series resistor depends upon the 
n de voltage input to the regulator circuit, the re 
d-c output voltage, and the combined currents of the 
of tube and the load. The resistor is generally chosen 
t. cc of sufficient resistance to limit the current through 
the regulator tube to a value which is always less than the 
tated maximum operating current. The current thtough the 
tegulator tube at the instant of ionization and before the 
load current has tisen to its normal value may initially 
exceed the maximum value; however, as soon as the load 
current rises toits normal value, the regulator tube current 
drops to d value which is within operating limits because 
of the series resistance in the circuit. 

The ionization of the yas within the tube changes, de- 
pending upon the applied voltage; as a result, the internal 
Tesistance of the tegulator tube changes. ‘hen the applied 
voltaye increases, the ionization of the yas increases to 
lower the tube resistance, and a larger current is passed. 
Conversely, when the applied voltage decreases, the 
ionization of the gas decreases to increase the tube resist- 
ance, anda smaller current is passed. 

From the accompanying circuit schematic, note that 
the load current and the regulator tube current both pass 
through the series resistor, Rs. If the d-c input voltage 
to the regulator circuit drops, the voltaye across the regulator 
tube also drops momentarily, at which time the yas within 
the tube deionizes slightly and less current passes through 
the regulator tube. Therefore, the current through the series 
resistor decreases by the amount of the decrease in the 
regulator tube. Since the current through the series resistor 
decreases, the voltage drop across the resistor also de~ 
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creases, and the output voltage delivered to the load in- 
creases to return to its atiginal value. In a similar manner, 
if the input voltage to the regulator circuit increases, the 
voltage across the regulator also increases momentarily, 

at whicn time the gas within the tube is further ionized and 
mote Current passes through the regulator tube. Thus, the 
current through the series resistor is increased. Since the 
current through the series resistor increases, the voltage 
drop across tne resistor also increases, and the output 
voltage delivered to the load decreases to return to its ori~ 
ginal value. Nhen the value of the series resistance is the 
correct value for the load to be regulated, the output vol- 
taye is held nearly constant by the action of the regulator 
tube. As just described, this action depends upon the fact 
ingt changes in the ionization of the yas within the tube 
varies the amount of current that the tube conducts. 

The discussion above assumed that a chanye occurred 
in the d-c input voltaye applied to the regulator circuit. 
However, the regulator circuit also compensates for changes 
accutring in the load current. Uf the load current should 
increase, the voltage drop across the series resistor, Rs, 
will immediately increase. As a result, the voltage across 
the regulator tube decreases momentarily, at which time 
the gas within the tube deionizes slightly and less current 
passes through the regulator tube. Therefore, the curtent 
through the series resistor decreases by the amount of the 
dectease in the regulator tube. Since the current through 
the series resistor decreases, the voltaye drop across the 
tesistot also decreases, and the output voltage delivered 
to the load increases, retuming to its original value. Ina 
similar manner, if the ioad current should decrease, the 
voltage drop across the series resistor will immediately 
decrease. As a result, the voltaye across the regulator 
tube increases momentarily, at which time the gus within 
the tube is further ionized and more current passes thtough 
the regulator tube. Thus, the current through the series 
resistor is increased. Since the current through the series 
resistor increases, the voltage drop across the resistor 
also increases, and the output voltage delivered to the load 
decreases, returning to its original value. From the dis- 
cussion given here, itis seen that the output voltage is 
held nearly constant by action of the regulator tube when 
changes occur in the load current. 

The d-c input voltage required to cause ionization 
of the regulator tube when the circuit is first energized is 
approximately 30 percent greater than the operating voltage 
specified for the regulator tube. The output voltage of the 
regulator circuit quickly drops to the operating value 
of the regulator tube as soon as the tube ionizes and begins 
to conduct, causing o voltage drop to appear across the 
series resistance, Rg. In order to obtain stable operation, 
the regulator tube must be operated so that it is ionized at 
all times, and its opercting current must fall within speci- 
fied maximum and minimum current ratings. If, for some 
Teason, the operating current exceeds the specified maximum 
current tating of if the voltage across the tube is excessive, 
the tube will become highly ionized, will lose its ability 
to regulate, and may be permanently damayed. Conversely, 
if the operating current drops below the specified minimum 
cuftent tating (approximately 5 milliamperes), the tube will 
become deionized and will no longer regulate the output. 
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ELECTRONIC CIRCUITS NAYVSHIPS 
Also, if the voltage across the regulator tube drops below 
the specified operating voltage to a value which is approxi- 
mately 70 percent of the breakdown (or firing) voltage, the 
tube will become deionized. 
The value of the series resistor, Re, can be approx- 

imated using the following formula: 

=. _Ebh > Eo 


LS aa (are COTA 
where: Map * sioads 


Epp = unregulated d-c input (supply) voltage 

Eo = regulated output voltage (to load) 

I, = regulator-tube current 

Tkeaa = load current 
When operation of the regulator tube is desired at the mid~ 
point of its rated current range, the value of tube current 


used in the above fommul 


where: 2 

lmax = rated maximum tube current 

Imin = rated minimum tube current 

In applications where a regulated voltage greater than 
the voltage rating of a single regulator tube is required, 
several regulator tubes may be connected in series to obtain 
regulation of the desired voltage. Furthermore, if the cur- 
rent drain of the load is kept low, an intermediate requiated 
voltage can be obtained at the junction of any two regulator 
tubes of the series. Parts C and D of the accompanying 
circuit schematic illustrate two regulator tubes connected 
in series. This circuit ‘Configurat ion permits a lower 
iequiated voltage {Ep No. 2} to be tak 
Note that the current through reguiator tube V2 and the 
load current of the lower regulated voltage (E. No. 2) must 
pass through regulator tube V1; therefore, the load current 
of the lower voltage must be relatively smoll to prevent 
the combined currents from exceeding the maximum current 
rating of regulator tube V1. 


FAILURE ANALYSIS. 

General. Initially, some indication of the trouble 
associated with a yas-tube reguiator circuit can be obtained 
by visual inspection to determine the presence of the charac- 
teristic glow from the ionized gas within the tube. When 
Current through the tube is near its maximum rating, the 
tube is highly ionized; when the current is near its minimum 
rating, the tube is lightly ionized; thetefore, the intensity vi 
seer gaseous discharge within the tive is un 
i the tube is not ionized, however, this 

¥ lat the whe is gelective; since 


suluy occur if the series i 
the d-c input voltage (Epn) is below normal, or if tr 
S tis excessive. It is therefore necessary to make d-c 
mecsurements at the input and output terminals 
of the voltage regulator circuit to determine whether the 
fault lies within the regulator cire ‘t or whether it is exter- 
nal to the regulator circuit. 

The value of the series resistor, R,, can be checked by 
eomete iegstrements to determine whether any change 


hes occured, Tt t 
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900,000. 102 VOLTAGE REGULATORS 
characteristics; therefore, the regulator tube itself can be 
suspected as a possible source of trouble. Furthermore, a te- 
gulator tube which is subjected to a very strony r-f field 

may be unable to regulate while the field is present, be- 
cause the r-f field any ionize the gas within the tube in- 
dependent of the normal d-c conduction current. 


LATO! 


onic equipment can opera’ 
ete with a os amount of variation in the supply 
voltage without affecting equipment perfomance. However, 
the operation of certain circuits is very sensitive to slight 
changes in supply voltage; thus, the use of a voltage regu- 
lator is required. 

An electronic voltage regulator is a device connected in 
the outout of o power suppl y to inaintain the output voltege 
at a specified value. The regulator circuit reacts automat- 
ically within its design limits to compensate for any 


load current. This re- 


The electronic voltage regulator can be compared to a 
variable resistance , Rs, in series with the load resistance, 
Ri, and the output of the rectifier and filter circuit. Such 
a circuit is shown in the accompanying illustration. Varf- 
able resistance Rg and load resistance Ry form a voltage 
divider. If the supply viltage increases, resistance Rg is 
incteased, causing a qreater drop across it and thus main- 
taining a constant voltage across the load. On the other 
, if the supply voltage decreases, resistance Rg is de- 
creased, again maintaining a constant voltage across the 
load. Similar variations in Rg occur for any veriations in 
the load. If the ioad resistance increases, with a decrease 
in load current, Rs is made smalier; thus ihe voltage drop- 
ped across it is less, and the voltage across the load is 
maintained constant. With a decrease in the load resist- 
ance and a cortesponding increase in the load current, the 
resistance of Rs is made larger, causing a greater drop 
actoss it; again the constant voltage across the load is 


maintained, 


RECTIFIER 
AND FILTER 
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Simple Voltage-Regslater Circuit 
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‘Thus, it is seen that the veitage regulator i 
iy 9 voitage-divider circuit with t 
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voltage or the load current, so that the voltage across the 
load is held constant. 

In the simple voltage-tegulator circuit illustrated above, 
itis amed that varieble resistance is veried mar- 
ually to keep the voltage across the load constent. In an 
actual requisted power supply, the control acticn required to 
vary the series resistance, and, consequently, ta produce 
@ corresponding variable voltage drop, is completely auto- 
matic. This basic principle of voltage regulation is used 
in the electron-tube, d-c valtate requlators to be described 
in this section of the handbook. 

An electron tube may be considered as a variable re- 
sistance. ‘hen the tube is conducting, its effective re- 
sistance is the clate-to-cathode voltace divided by the 
plate current. This calculated value of resistance is cal- 
led the d-e plate resistance, of Hp, of the tube. Fora 
given applied plate voltage, the value of Rp depends on the 
current through the tube, which, in turn, depends on the 
gtid bias of the tube. Therefore, varying the grid bias cp- 
plied to the tube controls the amount of current through the 
tube and causes the d-c plate resistance, Rp, to vary ac- 
cordingly. 

The accompunying illustration shows a triode used as 
a variable resistance in a simple voltage-requlator circuit. 


vi 
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Simple Voltoge-Regulator Circuit Using Triede Electron 
Tube 


The d-c plate resistance, Rp, of the series regulator 
tube, V1, is established by the grid bias of the tube. The 
actual grid bias, eg, is the grid-to-cathade voltage; it 
equals E2- El. Potentiometer F2 is pleced across Ecc 
to provide a variable source of grid voltage. It is adjusted 
until the grid bias is the value that will allow V1 to con- 
duct the exact value of load current required to produce the 
desired value of voltage El across load resistance Fit,. 
Thus, adjustment of the bias alters the Rp of ¥1 te control 
ihe current throuyh the tube, the voltage drop across the 
tube, and, therefore, the voltaze across the load. Consider 
the condition where voltage E] tries te increase, due either 
to an increase in the supply voltage, or to an increase in 
the load resistance. As El goes more positive, eg is made 
more negative (eg = Ez - E1), the conduction of the tube is 
teduced, the voltage drop across the whe is increased, 
er the voltage across the load is kept constant. Con- 
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versely, if voltage El tends to decrease, due either to a 
‘ecrease in the supply voltage or to a decrease in the load 
resistance, 2, becomes | neqctive. This causes an in- 
: in the conductivity of the tube, a decrease in its 

, 0 corresponding decrease ir the voltage drop aercss the 
tube; aqauin the voltage acress the !ocd is maintained con- 
stant. In a properly designed requlator circuit, the voltage 
change which ec across the series regulator tube is 
approvimetely equal to the voltage change which appears 
across the combined resistance of the regulator tube and 
the load; thus the voltage across the load remains constant. 

Since the series regulator may net be sufficiently 
sensitive to small voltage changes, the output voltage of the 
simele voltage requ] ator may net be meld obsolutely con- 
stant. Therefore, where the requlation must be held to a 
smoll percentaje, «: amplification must be used to 
increase the sensitivity of the requlator circuit. 

Regulated Power Supplies. A complete requlated power 
supply consists of a power source, a transformer, rectifier, 
ond filter circuit, and a +c regulator circuit. The d-c re- 
galator circuit may, in turn, be subdivided inte four parts: 
series regulator electron tube(s), d-c axplifier, voltage- 
comparison circuit, and reference-voliage circuit. The d-c 
amplifier, the voltaqge-comparison, circuit, and the reference- 
voltage circuit are considered as one complete functional 
circuit, generally referred to as the cegulator-amplifies cit 
cuit of the electronic voltage-regulated power supply. The 
design of the regulator-amplifier circuit depends primarily 
upon the degree of voltage regulation desired, ond is rela- 
tively independent of the load current to be supplied. The 
majority of regulated power supplies which are used to pro- 
vide plate and screen potentials for electronic equipments 
provice an output voltage of 159, 250, or 300 volts, dc, 
with either a positive-output of a negative-output polarity. 
A typical electronic voltage-regulated power supply is 
shown in the accompanying block diagram. 
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Block Diagram of Electronic Voltage-Regulated Power 
Supply 


The series regulator tube, sometimes called the series 
contrel tube, used in the electronic voltage regulotor is 
generally one of three possible circuit configurations: a 
triode-connected beam power tuhe, 
cr 6Y6; ¢ low-mu, high-conduction trio 


such as the type 6L6 


de tube, such as the 
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type 6AS? or 6080; or a beam power tube, such as the type 
6L6, operated with a separate screen supply. The first 
two configurations mentioned are in common use. The third 
configuration has the disadvantage of requiring a separate 
power supply for the screen potential; for this reason its 
use is somewhat limited. 

The triode-connected beam power tube used as a series 
tegulutor tube has higher gain characteristice and provides 
a@ greater useful percentage of rated capacity than do the 
other circuit configurations; in addition, the triode-connect- 
ed beam power tube requires a lower plate-voltage swing cf 
the associated d-c amplifier. The low-mu, high-conduction 
triode offers the advantage of a low d-c plate resistance; 
the low-mu triode is frequently used where minimum power 
toss in the regulator circuit is an important consideraticn. 

pI o seva: 1b Supe 
piv has the advantages of a ne gain characteristic, a low 
plate resistance, and igher plate dissipation 
than the first two confi i 
does mauve a 
supply is required. 

Regulator-amplitier circuits generally fall into one of 
several circuit configurations: single pentode, twin-triode 
cascode, twin-triode cascade, twin-triode and pentode with 
balanced input, and pentode and twin-triode with balanced 
output, For each of these reguictor-amplifier circuit con- 
rations, there are basic circuit variations which result 
in different reference-voltage polarities, different connection 
points for the amplifier plate-load resistor (s}, various met- 
hods used to obtain voltage comparison, and in the case of 
lifier, varinus connection points for the 


@ pontade dee 


scteen-droppin 
variations will be discussed in connection with the various 
types of electronic voltage-: i 
this section of the handbook. 
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APPLICATION. 

The ae requlator with series tube, pentode amplifier, 
ube voltage reference is used n electronic 
power-supol ly ciree arly constant 
output voltage(s}. 


CHARACTERISTICS. 
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CIRCUIT ANALYSIS. 

General. The d-c regulator with triode series tube, 
single-pentode amplifier, and gas-tube voltage reference is 
capable of providing very stable output-voltage regulation. 
The high amplification obtained from the pentode amplifier 
stage enables the circuit to have good sensitivity to small 
output-voltage variations. In this type of voltage regulator, 
regulation is accomplished by allowing the cathode-to-plate 
tesistance of an electron tube, in series with the output of 
a power supply, to function as a variable resistance, and 
thus provide the voltage drop necessary to compensate for 
any change in output voltage. Voltage regulation which is 
better than | percent can be obtained with this type of re- 
gulator, depending upon circuit design. 

Typical regulated output voltages obtained with this 
regulate: circuit ore 190, 250, and 300 voles. de. 

Circult Operation. A typical voltage regulator circuii 
using 4 pentode amplifier ad gas-tube voltage reference is 
illustrated in the accompanying circuit schematic. Electron 
triode used as the series regulator tube: 
v2 is a pentode used as a d-c amplifier; V3 is a cold-cath- 
ode, gas-filled regulator tube used to provide a reference 
voltage for operation of the regulator-amplifier circuit. Re- 
sistors Rl and R2 are voltage-dropping resistors connected 
in series with regulator tube V3 across the input circuit. 
In addition, they function as a voltage divider to provide 
d-c potential for the screen grid of V2. Cl, connected in 
parallel with regulator tube V3, is a bypass capacitor which 
provides a low-impedance path at the power-supply ripple 
frequency (usually 120 cps), to reduce the possibility of 
degeneration in the cathode circuit of V2. 
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The value of capacitor Cl is usually a compromise be- 
tween a value which offers low impedance to the power- 
supply ripple frequency (usually 120 cycles} and a value 
which is not so large as to affect normal operation of the 
regulator tube, V3. Capacitor C2 couples the full value of 
tipple voltage from the output of the regulator circuit; if C2 
were not used, only a portion of the ripple voltage would be 
applied to the grid of V2, as determined by the voltage- 
divider action of R39, R19, and Rll. The value of this 
capacitor is chosen to be just large enough to provide satis- 
factory ripple suppression. If the value of C2 is made too 
large, the response time of the requlotor circuit to normal d-c 
output-voltage variations will be affected; a value of from 
G.01 to G.1 uf is typical in most reguiator-amplifier circuits. 
Capacitor C3 is connected across the output terminals to 
lower the output impedance of the regulator circuit; the 
value of this capacitor depends upon circuit design, but is 
usually 2 yf or larger. Resistor R3 is the plate-load resis- 
tor for the pentode amplifier, V2. Resistors R4 and RS, in 
the grid circuits of V1, are parasitic oscillation suppressors; 
they are of equal value, generally between 270 and 1000 
ohms. Resistors R6 and A7, in the cathode circuits of V1, 
are included for the purpose of equalizing the current flow 
in the parallel triode sections; these equalizing resistors 
are of equal value, generally between 10 and 47 ohms, de- 
pending upon circuit design. Resistor R8, in the control- 
grid circuit of V2, is o parasitic oscillation suppressor. 
Resistors R9, R10,and R11 form a voltage divider across 
the output of the regulator circuit, and are in parallel with 
the resistance of the load; resistor R1Q is adjustable, and 
is used to set the output voltage to the desired value the 
circuit is to maintain, 

Electron tubes V1 and V2 ate indirectly heated, cath- 
ode-type tubes; V1 normally has a high heater-to-cathode 
voltage rating, while V2 has a heater-to-cathode voltage 
toting which is typical for receiving-type tubes. Because of 
the heater-to-cathode breakdown voltage limitations imposed 
by the tubes themselves, it is usually necessary to isolate 
the filament circuits from each other and to supply the fila- 
ment (heater) voltages from independent sources. 

When the unregulated voltage, Ein, is first applied to 
the input of the regulator circuit, voltage is applied to re- 
gulator tube V3 through resistors Rl and R2, in series; V3 
ionizes and begins to conduct, thus establishing a reference 
voltage at the cathode of V2. The action which occurs is 
the same as that previously described under Gas-Tube 
Regulator Circuit, in Section 5, Part A, of the handbook. 
The voltage divider formed by resistors Rl and R2 es- 
tablishes the voltage applied to the screen grid of V2. Re- 
gordless of the value of d-c voltage applied to the input of 
the regulator circuit, the voltage at the cathode of V2 will 
be heldconstant by the action of V3 for use as a reference 
voltage; however, the voltage at the screen grid of V2 is 
subject to change if the input veltage changes. This 
scteen-circuit configuration increases the gain of the ampli- 
fier stage and also the regulator-amplifier sensitivity to 
either input or output voltage changes. 

As previously mentioned, this regulator circuit is based 
upon the voltage-divider principle of using « variable re- 
sistance in the form of electron tube V1 in series with the 
load resistance. The requicted output voltage, eout, GD- 
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pears across the voltage divider formed by series resistors 
R9, R10, and R11, which are connected across the output 
of the regulator circuit and in parallel with the load. The 
total resistance of these series resistors in parallel with 
the load resistance constitutes one part of the resistance 
in the series voltage-divider arrangement, which includes 
the variable cathode-to-plate resistance of V1; the currents 
which pass through the parallel branches (series resistors 
and load resistance} combine, and this total current passes 
through the series regulator tube, V1. When the cathode-to- 
plate resistance of V1 is controlled to vary the voltage drop 
across V1, the output voltage developed across the load 
can be regulated and maintained at aconstant value. 

The voltage appearing at the plate of V2 is dropped 
from the input to the regulator circuit through plate-load 
resistor R3 and ts applied to the control grids of VI. The 
amount of current through R3 and the resulting value of 
voltage at the plate of V2 are determined by the bias on the 
control grid of V2. The voltage applied to the grid of V2 
is obtained from the voltage divider circuit composed of 
RS, R10, and Rll; the exact value of voltage applied to the 
grid of V2 is determined by the setting of R10. Since the 
potential at the cathode of V2 is maintained at a constant 
positive value by the action of regulator tube V3, adjust- 
able resistor R10 is set to the point where the bias applied 
to the grid of V2 permits a predetermined value of current 
to be drawn by V2. When V2 is conducting, the voltage 
drop through plate-load resistor R3 develops a voltage at 
the grid of V1 which is less than either the plate or cathode 
voltage of Vi; the difference in voltage between the cath- 
ode of V1 and the plate of V2 is the operating bias for V1. 
Thus, the setting of resistor R10 determines the current 
through V2, establishes the bias for V1, and initially deter- 
mines the effective intemal resistance of V] to obtain the 
desired output voltage from the regulator circuit. 

Assume that the regulated output voltage, Eout, attempts 
to increase, either because of an increase in the input 
voltage to the regulator circuit or because of a decrease in 
the load current. Through the voltage-divider action of re- 
sistors R9, R10, and R11, a slightly higher positive voltage 
now appears actoss R10 and R11. This results in an in- 
crease in the positive voltage applied to the grid of V2 and 
a corresponding dectease in the bias voltage between the 
cathode and grid. (The cathode voltage of V2 remains con- 
stant because of the action of regulator tube V3.) Asa 
result of the decreased bias, V2 now conducts more current, 
and thic additional current flow through plate-load resistor 
R3 results in a greater voltage drop across R3; thus, the 
voltage at the plate of V2 decreases and causes the dif- 
ference in voltage between the cathode of V1 and the plate 
of V2 to increase. This difference in voltage between the 
cathode of V1 and the plate of V2 is the operating bias for 
V1; thus, as a result of this voltage increase, the effective 
internal resistance of V1 increases. When the intemal re- 
sistance of V1 increases, less load current flows through 
V1, the voltage drop across V1 increases, and the output 
voltage of the regulator circuit decreases to its original 
value. 

An action similar to that just described occurs when 
the regulated output voltage, Eous, attempts to decrease. 
Through the voltage-divider action of resistors R9, R10, 
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and R11, the bias voltage between the cathode and grid of 
V2 is increased, since a slightly lower positive potential 
now exists across R10 and Rll. As a result of the in- 
creased bias, V2 now conducts less current, and this de- 
creased current flow through plate-load resistor R3 causes 
a smaller voltage drop to occur across R3; thus, the volt- 
age at the plate of V2 increases and causes the difference 
in voltage between thecathode of Vi aid the plate of ¥2 to 
decrease. This difference in voltage between the cathode 
of Vi and the piate of V2 is the operating bias for V1; thus, 
as a result of this voltage decrease, the effective internal 
tesistance of V1 decreases. When the internal resistance 
of V1 decreases, more load current flows through V1, the 
voltage drop across V1 decreases, and the autput voltage 
of the regulator circuit increases to its original value. 

The actions described in the preceding paragran! 
practically instantoneous; consequently, the output voltage 
{Eout) remains practically constant. Since al! of the load 
current must pass through the series regulator tube, V1, the 
tube(s} must De capabie of passing considerable cu 
ln some circuit applications where the load current require 
ments exceed the capabilities of asingle tube, two or more 
identical tubes are connected in parallel (as the sections 
of twin-triode V1 have been paralleled) in order to obtain 
suitable regulation characteristics and current-handling 
capability. 

The output of the regulator circuit is coupled to the 
gtid of the pentode amplifier tube, V2, through coupling 
capacitor C2. Any ripple component present in the output 
voltage is amplified by V2, and, since the circuit is basic- 
ally une feedback circuit, the ri component is 
suppressed. Also, since the screen-grid voltage for V2 is 
obtained from the unregulated input voltage to the regulator R2 
circuit, the sensitivity of the amplifier to voltage changes 70 REGULATED 
is increased. As a result, the regulator circuit is sensitive NE eae ata 
to uny voltage changes and is very effective in temoving - SO 
any fundamental ripple-frequency component which is pre- = 
sent in the unregulated voltage supplied to the input of the c 
reguistor circuit. 

As previously mentioned in this section, there are sev- 


erai circuit variations possible for the seties regulator tube, Typical Regulatar-Amplifier Circvits (Showing Variations) 
Vil. These variations in the series regulator circuit include 
the use of a triode (a twin-triode is shown int the schematic), method of ob ng the reference voltage (See part C) is 


a tnode-connected penitode, and c pentode yi ta around the cathode of V2 and connect resistor R11 of 


Salta supply. Also, there are several variations the voltage divider (R9, R10, and Ril) to a regulated nega- 
in the tequldtor-amplifter circuit which are contort y Although there are many minor vario- 
‘6 lator-amplifier circuit configuration, the 
the same, that is, 
a requlated output voltage to the load which is 
os ot variations in input voitage or changes in 
guint 


panying ilusta A Some ca. 
ed from a separate tequlated-voltage source. / FAILURE ANALYSIS. 
atiation, shown in part Bof the illustration, is con- General. ‘ihe yoltage-regulater circuit includes seveial 
nection of the plote-load resistor, R3, to the cathod parts which ote rather cri directly affect operation 
cuit of Vi instead of to the plate circuit (as Siow of the regulator circuit. For this reason, resistors R9, R10, 
, and RII, and perhaps resistors Rl and R2, are normally 
close-toletance tesistors with good tempercture stability 
characteristics. If for any reason these particular resistors 


should chonge in velue, the operation of the circuit 
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Since the regulator circuit attemps to hold the output 
voltage constont, it is usually good practice to determine 
whether the load current is within tolerance before suspect- 
ing trouble within the requiator circuit. A load-current 
measurement may be made by inserting a milliammeter 
(having a suitable range) in series with the output of the 
regulator circuit. Also, a voltage measurement should be 
made at the input to the regulator circuit to determine 
whether the unregulated voltage output from the power sup- 
ply (and filter circuit) is within tolerance. 

No Output. In the voltage-regulator circuit using a pent- 
ode amplifier, the no-output condition is likely to be 
limited to one of the following possible causes: the lack 
of filament voltage applied to series regulator tube V1, the 
lack of applied d-c voltage (from the associated power sup- 
ply and filter circuit), or a shorted load circuit {including 
output capacitor C3). 

A visual check of the glass-envelope series-requlator 
tube, V1, should be made to determine whether the fila- 
ment(s) is lit; if the filament is not lit, it may be open or 
the filament voltage may not be applied. The tube filament 
should be checked for continuity; also, the presence of volt- 
age at the tube socket should be determined by meosure- 
ment. 

The d-c voltage applied to the requlator circuit should 
be measured at the input (plate of V1) to determine whether 
it is present and of the correct value, since the lack of in- 
put voltage from the associated power supply and filter cir- 
cuit causes a lack of output voltage. 

With the d-c voltage removed from the input to the cir- 
cuit, resistance megsurements can be made across the load 
(resistors R9, R10, and R11) to determine whether the load 
circuit, including capacitor C3, is shorted. (The resistance 
measured across the load circuit will normally measure 
something less than the total value of series resistors R9, 
R10, and R11, depending upon the load circuit design.) 

High Output. The high-output condition is usually 
caused by a decrease in operating bias for the series re- 
gulator tube, V1, which, in turn, causes the tube to de- 
ctease its internal resistance and permits the regulator out- 
put voltage to rise above normal; therefore, any defects in 
the regulator-amplifier circuit which can cause a decrease 
in the operating bias for V1 are to be suspected. 

Voltage measurements should be made at the socket of 
V1 to determine whether bias (cathode-to-grid) is present. 
The series regulator tube, V1, may be checked by substit- 
ution of a known good tube to determine whether the tube 
is defective (grid-to-cathode short, etc). 

A visual check of the gas-filled regulator tube, V3, 
which provides a reference voltage for operation of the re- 
gulator-amplifier circuit, should be made to determine 
whether the tube is conducting. A voltage measurement 
made between the plate and cathode of V3 will determine 
whether sufficient voltage is present at the tube to cause 
conduction. If the voltage is above normal, the tube may 
be defective; a tube known to be good may be substituted 
to check for proper operation of the circuit. If the voltage 
measured across V3 is below normal, it is likely that re- 
sistor Rl or R2 is open or possibly the d-c amplifier tube, 
V2, is not conducting. 
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A visual check of amplifier tube V2 should be made to 
determine whether the filament is lit; if the filament is not 
lit, it may be open or the filament voltage may not be ap- 
plied. The tube filament should be checked for continuity; 
also, the presence of voltage at the tube socket should be 
determined by measurement. The grid voltage applied to 
V2 should be measured to determine whether the tube is 
improperly biased and causing the operating bias on V1 to 
decrease. Assuming that V3 is conducting normally to 
provide a reference voltage, if the voltage at the grid of V2 
is below normal, is is possible that resistors R9 and Rll 
have changed in value or that resistor R10 is not set proper- 
ly; however, if no voltage is present at the arid af V2, the 
tube will be biased to cutoff and V1 will conduct heavily 
as a result of decreased operating bias. In this case, it is 
likely that either resistor RQ or a portion of R10 (connected 
to R9) is open. If amplifier tube V2 has low emission, the 
voltage drop across plate-load resistor R3 will be below 
normal; therefore, a known good tube should be substituted 
and operation of the circuit observed to determine whether 
V2 is the cause of the trouble. 

Low Output. The low-output condition is usually caus- 
ed by an increase in operating bias for the series regulator 
tube, V1, which, in turn, causes the tube to increase its 
internal resistanc and pemnits the regulator output voltage 
to fall below nor. therefore, any defects in the regulator- 
amplifier circuit w. can cause an increase in the opera- 
ting bias for Vl are. >e suspected. 

In the twin-triode series regulator tube, trouble in one 
section {such as low cathode emission or an open tube ele- 
ment) will cause a reduction in output. The tube may be 
checked by substitution of a known good tube to determine 
whether the tube is defective. Voltage measurements 
should be made at the socket of V1 to determine whether 
the bias (cathode-to-grid) is excessive. The equalizing 
tesistors, R6 and R7, in the cathode circuits of V1 should 
be measured to determine that neither one is open, that 
they have not increased in value, and that they are of equal 
resistance. 

A visual check of the gas-filled regulator tube, V3, 
which provides a reference voltage for operation of the re- 
gulator-amplifier circuit, should be made to determine that 
the tube is conducting. A voltage measurement made be- 
tween the plate and cathode of V3 will determine whether 
sufficient voltage is present at the tube to cause conduct- 
ion. [f the valtage measured actoss V3 is below normal, 
or if no voltage is present, it {s likely that capacitor Cl is 
either leaky or shorted. 

The grid voltage applied to V2 should be measured to 
determine whether the tube is improperly biased, thus 
causing the operating bias on V1 to increase, Assuming 
that V3 is conducting normally to provide a reference volt- 
age, if the voltage at the gtid of V2 is cbove normal, it is 
possible that resistors R9 and Rll have changed in value 
or that resistor R10 is not set properly; however, if a high 
voltage is present at the grid of V2, the tube will conduct 
heavily and V1 will conduct less as a result of an increase 
in operating bias. In this case, it is likely that coupling 
capacitor C2 is either leaky or shorted, or that either re- 
sistor R11 or a portion of R1O (connected to Ril) is open. 
Also, if amplifier tube V2 is shorted and conducting heavi- 
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ly, the voltage drop across plate-load resistor R3 will be 
excessive; therefcre, a known good tube should be sub- 
stituted and operation of the circuit observed to determine 
whether V2 is the couse of trouble. 

As mentioned previously, excessive load current can 
cause the output voltage to be low, especially if the load 
current exceeds the maximum rating of series regulator 
tube V1 (resulting in excessive voltage drop across V1) or 
if the load current exceeds the rating of the power supply 
(resulting in a decrease in the applied voltage). For these 
reasons, output capacitor C3 should be checked to deter- 
mine whether it is satisfactory; a leaky output capacitor 
could result in redaced output voltage, although the requ- 
functioning normally hut is 
unable to compensate for the decrease in output. 

Poor Regulation Characteristics. Voltage instability, 
slow ae alse etc, are frequently caused by weak or un- 

! ctions in Series regulator V1, unbalenced 
resistors R6 and R7, or a defective ae amplifier, 
V2. The gain of the d-c amplifier stage is determined pri- 
marily by amplifier tube V2 and its applied voltages; there- 
fore, the condition of V2 and its applied voltages ore im- 
portant factors governing satisfactory operation of the regu- 
lator circuit. 


D-C REGULATOR USING CASCODE TWIN-TRIODE 
AMPLIFIER. 


APPLICATION. 

The d-c regulator using a cascode twin-triode amplifier 
is empioyed in certain electronic equipment power supply 
circuits to obtain nearly constant output voltage (or volt- 
ages) despite variations of input voltage or output lood 
current. 


CHARACTERISTICS. 
Regulated output voltage to load is neorly constant, 
even though changes in input voltage or changes in load 


current occur. 

Voltage-iivider principle employed, using variable 
resistance (electron tude) in series with load resistunce; 
series electron tube may be a triode, a triode-connected 
pentode, or a pentode with separate screen-voltage 


Uses gas-tube regulator circuit as relerence-voitage 
SOurce. 
Variation in basic circuit per tS. vets (piate ang 


screen} or negative {bias 


supply volt 


CIRCUIT ANALYSIS. 

General. The d-c regulator with twin-triode senes 
regulator tube, cascode twin-triode amplifier, and gas- 
filled veltage reference tube is capable of providing 


very stable output voltage regulation. The term 
4 


*soquiation’’ as used here means the muintenunce of a 


n€ariy CONStUIt GuIpUL Voituge deapiic Lidge ui the 
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input voltage or the load current. The variation in output 
voltage that normally result from component aging, 

changes in operational environment, etc, are usually 
considered in the design of the circuit, and are compensated 
for by using close-tolerance {on the crder of 1, 2, or S 
percent} components whose values do no deviate from the 

2] by more than the strict limits specified. 

In this type of voltage regulator, regulation is 
accomplished by allowing the cathode-to-plate conducticn 
resistance of an electron tube, in series with the output 
of a power supply, to function as a variable resistance, 
thus provide the voltage drop necessary to compensate 
for any charge in output voltage. That is, the change in 
+ voltage is compared and amplified in the regulator- 
litier circuit, and applied as a bius vultuye to the grid 
teguiator tube, thereby varying the conduction 
Tesistance of this tube. The varying conduction resistance 

q ntutn, varies the load current 
drawn by the series circuit and the voltage drop across 
the regulator tube; in so doing, the regulator tube absorbs 
the change in the output voltage. Voltage regulation of 
approximately | percent can be obtuined with this type of 
electronic d-c regulator, depending on the circuit design. 

Circuit Operotion. A typical d-c regulator using a 
cascode twin-triode amplifier is illustrated in the 
accompanying circuit schematic. Eiectron tube V1 is a 
paratlel-connected twin-triode used as the series regulator 
tube. (In applications where the current drain exceeds 
the current-handling eapobility of a single series regulator 
tube, two or more tubes cf the same type may be connected 
in parallel.) ‘Election tube V2 is another twin-triode, in a 
cascode d-c amplifier circuit configuration, used as the 
requiator amplifier. Tube V3 is a cold-cathode, gas- 
filled tube used to provide a reference voltage for operation 
of the regulerer-triplllier circuit. The use of the gas- 
filled requiutor tube in this application is satisfactory 
as a reliable reference since there are no excessive 
currents in that branch of the circuit. Electron tubes V1 
ctly heated, cathede-type tubes; V1 
ish hecter-tc-cathode voltage rating, while 


ni: 


Vz has a heater-to-cathode voltage rating which is typica 


for Tecuiving-lype tebes. Becsuse of the heater-to-cathote 
breakdown voltage limitations imposed by the tubes 
themselves, if is usualiy ECESSCry to isvlate the 


i ach other and to suppl 


from incependent sources. 
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En 
(UNREGULATED) 


D.C Regulotor Using Cascode Twin-Triode Amplifier 


Resistors R2 and R3, in the grid circuits of V1, are 
parasitic oscillation suppressors; they are of equal value, 
generally between 270 and 1000 ohms, Resistors Rd and 
RS, in the cathode circuits of V1, ote included for the 
Purpose of equalizing the current flow in the parallel- 
connected triode sections; these resistors are of equal 
value, generally between 10 and 47 ohms, depending upon 
the circuit design. Resistor R6, connected in series with 
reference tube V3 across the Output circuit, serves to apply 
the full output voltage of the regulator to V3, to ensure a 
satisfactory striking potential and also to act as a 
current-limiting resistor once the tube is ionized. 
Capacitor Cl, connected in parallel with reference tube 
V3, is a bypass capacitor which provides a low- 
impedance path at the power-supply ripple frequency 
(usually 120 cps), to reduce the possibility of degeneration 
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in the cathode circuit of V2B. The value of capacitor Cl 
is usually a compromise between o value which offers low 
impedance tc the power-supply ripple frequency and a value 
which is not so large as to affect the normol operation of 
the reference tube, V3. 

Capacitor C2 couples the full value of ripple voltage 
from the output of the regulator circuit to the grid of V2B; 
if capacitor C2 were not used, aly a portion of the ripple 
voltage would be applied to the arid of C2B, as determined 
by the voltage-divider action of R8, R9, R10, and Ril. 
The value of capacitor C2 is chosen so that it is just 
large enough to provide satisfactory ripple suppression. 

If the value of capacitor C2 were made too large, the 
response time of the regulator circuit to normal d-c 
output-voltage variations would be affected; a value of from 
0.01 to 0.1 microfarad is typical in most requlator-amplifier 
circuits. Capacitor C3 is connected across the output 
terminals to lower the output impedance of the requlator 
Circuit; the value of this capacitor depends upon the cir 
cuit design, but is usually 2 microforads or larger, Re- 
sistors R8, R9, R10, and Ril form a voltage divider across 
the output of the regulator circuit, and are in parallel with 
the resistance of the load. Resistor R9 is adjustable, and 
is used to set the output voltage to the desired value the 
Circuit is to maintain. 

The cascode contiguration of the requlator-amplifer 
circuit, V2, can be considered as two triode amplifiers 
directly connected (direct-coupled) in series. The action 
of this circuit is similar to that of a pentode in that the 
isolating effect of the screen grid on the plate is achieved, 
with the advantage that no screen-voltage supply is required. 
The cascode circuit is used when the gain required of the 
regulator amplifier is too high for a single triode, yet it is 
desired to eliminate the pentode screen-voltage supply. 
However, in order to achieve adequate gain, the cascode 
circuit requires a large-value plate-load resistor (Rl, m 
the order of 2.2 megohms); this requirement causes the 
frequency response to be reduced and thereby restricts 
the area of application of the circuit. The effects of poor 
frequency response can be reduced somewhat by using a 
relatively large-value capacitor (about 5 microfarads) 
for C3. 

The two triodes of the cascode twin-triode regulator 
amplifier are the input section, which is the right-hand 
tube (V2B), and the output section, which is the left-hand 
tube (V2A). The cathode of the input section is at a 
positive potential determined by the reference tube, V3. The 
control grid of the input section is retumed through resistor 
R7 to the voltage divider at the junction of resistors R10 
and Rll. The voltage at the top of resistor Rll is slightly 
less positive than the operating potential of reference tube 
Y3; hence, bias voltage of only a few volts is established 
between the control grid and cathode of V2B. The plate 
of V2B is directly connected to the cathode of the output 
section, V2A. The control grid of V2A is retumed to the 
wiper arm of voltage-divider variable resistor RQ. 

The value of grid voltage of V2A, as determined by the 
setting of resistor R9, is of sufficient amplitude to keep 
the grid of V2B from drawing oppreciable atid current. 
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The operating range of V2A plate voltage, which is applied 
through plote-load resistor Rl, is far enough above its 

grid voltage so that the current in the grid circuit of V2A 
does not approach or become comparable with the V2A plate 


As previously mentioned, the operation of this regulator 
circuit is bosed upon the voltage-divider principle of 
using a variable resistance in the form of electron tube VI 
in series with the load resistance. The regulated ouput 
voltage, Eout, appears actass the voltage divider formed 
by resistors R8, R9, R10, and R11, which ore connected 
across the autput of the requlator circuit and in paralle! 
with the load. The total resistance of these voltage-divider 
resistors in parallel with the load resistance constitutes 
one purt of the resistance in the regulator series voltage- 
divider arrangement, which includes the variable cathode- 
to-plate resistence of series regulator tube V1. The 
currents which pess through the parallel branches (voituye- 
divider resistors and load resistance) combine, and this 
total current passes through series regulator tube V1. 
When the cathode-to-plate reference of V1 is conyolled to 
vary the voltage drop across this tube, the output voltage 
developed across the load can be regulated and meintained 
ata constant value. 

In order to understand how the d-c regulator circuit 
operates undet varying-load conditions, it is necessary 
to examine first the static voltage distribution under norma)- 
load conditions. The cathode of series regulator tube Vi 
is held positive with respect to ground by the output 
voltage, Eout, while the grid is held scmewhat less positive 
by the action of reguiater amplifier V2, The difference 
between these two voltages is the bias voltage for V1, 
which is at the proper value for series regulator tube Vi 
to have the required amount of cathode-to-plate resistance 
tu produce the correct output voltage. The output vc!ta ze 
is applied to reference tube V3 through resistor R6, cousing 
V3 to ionize and conduct, thereby establishing a reference 
voltage at the cathode of the input section, V2B, of the 
cascode regulator amplifier. (The action of the gas-filled 
reference tube, V3, is the same as that previously described 
under Gas-Tuce Reguistor Circuit earlier in Section 5 
of this Handbook.) Regardless of the value of d-c voltage 
applied to the input, Ein, of the regulator circ 
voltage ut the cathode of VZ5 will te he: 
the action ef ¥2) for use as 0 ce yoitage. 

Cascode regulator 2, in essence a two-stage 
seties-connected triode omplifier, uses the plate load of 
tne input secuon, V2, os th input impedance 
of the output section, V2A. Thus, the <ignc! to the input 
siege 15 applied between the control id and ground, 
while thé output of this sam, ge is the input to the 
drect-coupled output stage, and is upplied between the 
cathnde and around. The output section, V2A, has ¢ tixed 
voltage on its grid, obtained from adjustable tesister RO 
voltage limits the 
hich is also the 


of the voituge-divider network. 


excursions of the ¥2A cethode 


det resistor 


cal 


ynce the putential at the cathode of V2B is maintained ut 
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@ constant positive vclue by the action of reference tube V3, 
the bias on V2B and V2A, as determined by voltage-divider 
resistors Rli and R9, respectively, is such that it permits a 
pre-determined value of current to be drawn by V2. The 
plate voltage of V2A is obtained from the unregulated input, 
Ein, and applied tc the regulator amplifier through plate- 
lood resistor Ri, When V2 is c ting, the yoltage drop 
actress plate-load resistor H! develops a voltage at the 
plate of V2A; this voltage is coupled to the grids of V1. 
The voltage at the grids of V1 is less than the voltage at 
the cathodes of V1; hence, the operating bias for V1 is 
established. The setting of resistor R9, therefore, 
determines the current through V2A, establishes the bias 
fox V1, and initially determines the effective internal 
resistance ot Vi to obtain ihe desired output voiwue, Cour, 
irom the regulator circuit. 

Assume, now, tha: the regulated output voltage, Eout, 
“pts to increase, either because of an increase in the 
input voltage, Ein, to the regulator circuit or because of 2 
decrease in the load current. Thtough the voltage-divider 
action of resistors R8, R3, R10, and R1}, a slightly higher 
positive voltage now oppears actoss resistors R9, R10, and 
Ril, This results in an increase in the positive voltage 
applied to the grids of V2A and V2B, and a corresponding 
decrease in the bias voltage of this stage. (The 
cathode voltage of V2B remains constant because of the 
action of reference tube V3.) As a result of the 
decreased bias, V2 now conducts more current, and this 
iona] current flow through plate-load resistor Rl 
results in 4 grecter voltage drop across resistor Rl. Thus, 
the volicge at the plate of VZA, which is coupled to tne 
arids of V1, decreases and ccuses the difference in 
voltage between the grids and cathodes of V1 to increase. 
This difference in voitage between the gtids and cathodes 
of V1 is the operating bias for V}. As a result of the bias 
voltage increase, the effective intemal resistance of V1 
increases. When the interno! resistance ol Vi increases, 
less load current flows through V1, the voltage drop actoss 
Vi increases, and the output voltage, Hout, of the regulator 
circuit decreases to its original value. 

An action similar to that just described occurs when 
the requluted cugtut voltage, Eout, attempts to decrease. 
Through the voltage-divider action of resistors #8, RY, R10, 
eng R11, the bias volicje on the grids of V2A and V2B is 
i t lewer positive potential now 
, RIC, and Ri. As a result of 
, ¥2 now conducts less current, and this 


cut across resistor Ri. Thus, 
e picte of V2A {ond the grids of Vij 

es the difference in voltage between 
odes of Vl to decrease, ‘T 
in voltage petween the grids ond cathodes of Vi is the 
operating bias for V1. As a result of the bias valtege 
decrease, the eltective intemul resistance of V1 
decreases. When the intetnal resistance of V1 decreases, 
more locd voltage drop across 


{ the regulator 


the grids ond cath difference 
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The actions described in the preceding paragraphs are 
practically instantaneous; consequently, the output voltage, 
Eout, remains practically constant. Since all of the load 
current must pass through the series control tube, V1, the 
tube must be capable of passing considerable current. In 
some circuit applications where the load current require- 
ments exceed the capabilities of a single tube, two or more 
identical tubes are connected in parallel (as the sections 
of twin-triode Vi have been paralleled) in order to obtain 
suitable regulation characteristics and current handling 
capability. 
The output of the regulator circuit is coupled to the 
grid of the input section of the cascode twin-triode regulator- 
amplifier tube, V2B, through coupling capacitor C2. Any 
tipple component present in the output voltage is amplified 
in the regulator amplifier, and, since the circuit is basically 
a negative-feedback circuit, the ripple component is sup- 
pressed, Asa result, the regulator circuit is sensitive to 
any voltage changes and is very effective in removing any 
fundamental ripple-frequency component which is present 
in the regulated voltage output. Although there are many 
minor variations in the regulator-amplifier circuit configura- 
tion, the function of the regulator circuit remains the same, 
that is, to supply a requlated output voltage to the load 
which is independent of variations in input voltage or 
changes in Joad current. 


FAILURE ANALYSIS. 

General. The d-c requlator using a cascode twin-triode 
amplifier includes several components which are rather 
critical and directly affect the operation of the regulator 
circuit. For this reason, voltage-divider resistors 8, R9, 
and R10, and R11, as well as resistor R6 are normally close- 
tolerance (on the order of 1, 2, or S percent) resistors with 
good temperature stability characteristics. The operation 
of the circuit will be impaired if these resistors should 
change in value for any reason. Since the regulator circuit 
attempts to hold the output voltage constant, it is usually 
good practice to determine whether the load current is within 
tolerance before suspecting trouble within the regulator 
circuit proper, A load-current measurement may be made by 
inserting 4 milliammeter (having @ suitable range) in series 
with the output of the regulator circuit. Also, a voltage 
measurement should be made at the input to the regulator 
Circuit to determine whether the unregulated voltage output 
from the power supply (and filter circuit} is within tolerance, 

No Output. In the d-c regulator using a cascode twin- 
triode amplifier, the no-output condition is likely to be 
limited to one of the following possible couses: the lack 
of filament voltage applied to seties regulator tube V1, the 
lack of applied d-c voltage (trom the associated power 
supply and filter circuit), or a shost-circuited load (including 
output capacitor C3). A visual check of the glass-envelope 
seties regulator tube, V], should be made to determine 
whether the filament is lit; if the filoment is not lit, it may 
be open os the filament voltage may not be applied. The tube 
filament should be checked for continuity; also, the 
presence of filament voltage at the tube socket should be 
determined by measurement. The d-c valtage applied to the 
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reguictor circuit should be measured at the input (plate 

of V2) to determine whether it is present and of the 

correct value, since the lack of input voltage from the 
associated power supply ane filter circuit will cause a 
jack of output voltage. With the d-c voltage removed from 
the input to the circuit, resistance measurements con be made 
across the load {voltage-divider resistors R8, R9, R10, and 
Rl) to determine whether the load circuit, including 
capacitor C3, is shorted. (The resistance measured across 
the load circuit will normally measure something less than 
the total value of series-connected resistors R8, R9, R10, 
and R11, depending upon the load circuit design.) 

High Qutput. The high-output condition is usually caused 
by a decrease in operating bias for the series regulator tube, 
V1, which, in tutn, causes the tube to decrease its internal 
resistance ond permits the regulator output voltage to rise 
above normal. Therefore, any defects in the electronic 
tegulator circuit which can cause a decrease in the operat- 
ing bias for V] should be suspected. Voitage measurements 
should be made at the socket of V1 to determine whether 
bias (cathode-to-grid) voltage is present. The series 
tegulator tube, V1, may be checked by substitution of a tube 
known to be good to determine whether the tube is defective 
(grid-to-cathode short, etc). 

A visual check of the gas-filled regulator tube, V3, 
which provides a reference voltage for the operation of the 
cascode twin-triode amplifier circuit, should be made to 
determine whether the tube is conducting. A voltage 
measurement made between the plate and cathode of V3 will 
determine whether sufficient voltage is present at the 
tube to cause conduction. If the voltage is above normal, 
the tube may be defective; a tube known to be good may be 
substituted to check for proper operation of the reference- 
voltage circuit. If the voltage measured across V3 is below 
normal, it is likely that resistor R6 is open, or possibly 
the cascode regulator-amplifier stage, V2, is not conducting. 

A visual check of regulator-amplifier tube V2 should 
be made to determine whether the filament is lit; if the 
filament is not lit, it may be open or the filament voltage 
may not be applied. The tube filament should be checked 
for continuity; also, the presence of filament voltage ot 
the tube socket should be determined by measurement. 

The bias voltages applied to ¥2 should be measured to 
determine whether the tube is improperly biased, causing 
the operating bias on V1 to decrease. Assuming that V3 is 
conducting nosmally to provide a reference voltage, if the 
voltages at the grics of V2 are below normal, and thus cause 
an increase in V2 bias, it is possible that voltage-divider 
resistor R8, R1G, or Rl) has changed in value; in addition, 
‘On inproper setting of variable-resistor RY will affect the 
bias voltage at the grid of V2A. However, if no voltege 
whatsoever is present at the grids of V2, the tube will be 
biased to cutoff end V1 will conduct heavily as a result of 
the decreased opercting bias. In this case, it is likely that 
resistor R8, RY, or RIO is open. If sequiator-cmplifier 

tube V2 has low emission, the voltage drop across plate 
load resistor Rl will be below normal; therefore, a tube 
known to be good should be substituted and operation of the 
circuit observed to e=termine whether tube V2 is the 

cause of the trouble. 
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ELECTRONIC CIRCUITS NAVSHIPS 
across the series regulator tube; in so doing, the series 
regulator tube absorbs the change in the outgut voltage. 
Voltage regulation on the order of | percent can be obtained 
with this type of d-c regulator, depending on the circuit 
design. 

Circuit Operation. A typical dec regulator circuit using 
a Cascade twin-triade amplifier is illustrated in the accom- 
ponying circuit schematic. Electron tube V1 is a parallei- 
connected twin triode used ag the series requlator tube. 
(ia applications where the current drain exceeds the current- 
handling capability of a single series regulator tube, two 
or more tubes of the same type may be connected in par- 
aliel.) Electron tube V2 is another twin triode, in a cascade 
d-c amplifier circuit configuration, used as the regulator 
amplifier. Tube V3 is a cold-cathode, gas-filled regulator 
tube used to provide a reference voltage for operation of the 
tegulator-amplifier circuit. The use of the gas-filled regula- 
toi tube in this application is satisfactory as a reliable 
reference since there are no excessive currents in that 
brench of the circuit. Electron tubes V1 and V2 are in- 
directly heated, cathode-type tubes; V1 normally has a high 
heater-to-cathode voltage rating, while VZ has a heater- 
to-cathode voltage rating which is typical for receiving 
type tubes. Because of the heater-to-cathode breakdown 
vcltage limitations imposed by the tubes themselves, it is 
ugually necessary to isolate the filament circuits from each 
other and to supply the filament (heater) voltages from in- 
deendent sources. 

Resistors R2 and R3, in the grid circuits of Vi, ae 
paasitic oscillation suppressors; they are of equal value, 
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jenerally between 270 and 1000 chms. Resistors R4 and 
R85, in the cathode circuits of V1, are included for the pur- 
pose of equalizing the current flow in the parallel-connected 
triode sections; these tesistors are of equal value, generally 
between 10 and 47 ohms, depending upon the circuit design. 
Resistor R10, connected in series with reference tube V3 
across the output circuit, serves to opply the full output 
voltage of the regulator to V3, to ensure a satisfactory 
striking potential and also to act as a current-limiting re- 
sistor once the tube is ionized. The choise of current is a 
compromise between shortened tube life at high currents 
and higher noise level at low currents. Resistor RQ retums 
the grid of V2B to the positive reference voltage; also, 
resistor R9, in conjunction with capacitor Cl, forms a series 
R-C filter across ¥3 to suppress the transient noise gen- 
erated by the gas tube and thereby prevent these undesirable 
signals from appearing on the grid of V2B. The value of 
capacitor Cl is usually a compromise between a value 
which offers low impedance to the transient noise and a 
valve which is not so large as to affect the normal operation 
of reference tube V3, 

Capacitor C2 couples the ful! valve of the power supply 
tipple voltage (usually 120 cps) appearing in the output of 
the regulator to the cathode of V2B. If capacitor C2 were 
not used, only a portion of the ripple voltage would be 
applied to the cathode of V2B, as determined by the voltage 
divider action of resistorsR11, R12, and R13. The value 
of capacitor C2 is chosen so that it is just large enough to 
provide satisfactory ripple suppression. If the value of 
capacitor C2 were made too large, the response time of the 
tegulator circuit to normal d-c output voltage variations 
would be affected; a value of from 0.01 to 0.1 microfarad 
is typical in most regulator-amplifier circuits, although 
values to 2 microfarads may occasionally be used. Cap- 
acitor C3 is connected across the output terminals to lower 
the output impedance of the regulator circuit; the value of 
this capacitor depends upon the circuit design, but is 
usually 2 microfarads or larger. Resistors R11, R12, and 
R13 form a voltage divider across the output of the requ- 
lator circuit, and are in poralle! with the resistance of the 
load. Resistor R12 is adjustable, and is used to set the 
output voltage to the desired value that the circuit is 10 
maintain. 

The cascade confiyuration of the regulator-amplifier 
circuit, V2, can be considered as two triode amplifiers 
that use direct coupling. In a direct-coupled (d-c) amplifier, 
operating plate voltage ond current are usually established 
by the circuit design,-ond the grid bias is then adjusted to 
compensate for tube tolerance. Since, in order to function, 
the plate of a tube must have a positive voltage with re- 
spect to its cathode, and the grid of the next tube must have 
a negative voltage with respect to its cathode, the voltage- 
divider arcangements indicated in the diagram ore required 
to obtain the necessary operating voltages for the cascade 
twin-triode direct-coupled amplifier, V2. 

The two triodes of the cascade twin-triode amplifier are 
the input stage, which is the right-hand tube (V2B), and the 
output stage, which is the left-hand tube (V2A). The control 
grid of the input stage is ut a positive potential determined 
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by tne reference tube, V3. The cathode of the input stage 
is retumed to the wiper arm of voltage-divider variable 
3 The cathcde voltese ct V2ZB, us determined 
ky the setting cf resistor R12, i ntly more positive than 
the operating potenticl of reference tube V3; hence, a bias 
volraqe of only c few volts is established between the con- 
and esthode cf V2B. Resistor R8 is the platelond 
resi for the input stage, V2B; since direct coupling is 
used fim: the plcte of V28 to the grid of V2A, resistor RB 


alsc serves as the grid-retum resistor for the control grid cir- 


the Output stage, V24 
is also tne grid voltage « 


uzned 19 the junction of 


Thus, the plate voltage of 
V2A. The cathode of V2A 
stors R6 and R?, which 


VO4 « cathode voltage, which is the oie developed 


2 hias voltage of only a few 


Dlote 


Plate veltage for'V 
voltaae input, Ein, through glcte-load resistor ot Rl. 
As previously mentioned, te ueration of this regu- 

lator circuit is based upor: the voltage-divider principle of 

using a variable resistance in the form oi electron tube V1 
in seties with the load resistance. The regulated output 
voltaye, Zout, appears across the voltage dividers fermed 
oy resistors Rll, R12, and R23, and resistors R6 and R7, 
which ore connected across the output of the regulator cir- 
it ond in paralle! with the load. The total resistance of 


sits seadivider resiste: 


in parallel with the locd 


voltoat-divider resist 
resistance Constitutes one purt of the resistance in the 
tegulator series valtage-civider arrangement, h includes 


tne variacle cathode-to-plate resistance of series requlator 
tube Vi, The currents which pass through the parallel 
ranches (veltage-divider resistors and load resistance) 
combine, and this total current passes through series reg~ 
ulater tube Vi. When the cathode-to-plore resystance of 
V1 is controtled to vary the voltage drop across this tube, 
the output voltage developed across the load can be req- 
ulated and maintained at a constant vaiue. 

in order to ungerstand how the d-c regulator circuit 
operates under varying-load conditions, it is necessary to 
examine rst the stctic voltage distubution under normai- 
load conditions. The cathode of series regulator tube V1 

= treld positive with respect to ground £ by the output Kelle 


due, Cour, Widde thé uid is hela 


toner amnlehee 
by tie action uf regulator ampliier V2. 


tweet taese two voildges is tiie bits volta. 


is at the proper value for series regulator tube Vi to have 


Ht cathodeimpiuie ies 


chee correct Outeut voltage. The output pore 1s applied 


to referonce tune V3 through resistor RID, 14 
ey ug s 1, 


abl 
abe 4 
tage at the grid of the input stage, V25, of the cascade teq- 
uiater umplifier. (The action of the gas-filled reference 
the same as that previously described under 
equlator i ec tion S of this 


Handbook.) Regard 


4 
using ¥3 tu 


conduct, thereby est 


cephed to the inpur, Fin, of me requik uit, ie vuti- 
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age at the tid of V2 will be held constant {py the 
action of V3) for use as c reference voltage. 
Cascede requlater amplifier V2, in essence a two-stage 

series-connected tticde amplifier, uses the plate loca of 
1 staje, V28, 2 gride input impedance of the 
output staye, V2A, Thus, the signal to the input stage 1s 
; the cathode and ground; the output of itis 
same stage, wnich is developed across resister 58, is the 
input to the direct-coupled output staye, ond 1s applies 
between the control grid and ground. The grid of V2b is 
connected through resistor RQ to the positive reference 
Malte SL ned by V2, and the cathode of the same tube 

sata ntly more positive than the reference 
entis retari 


to the w 


ap apne Of yoita jes 


the apstaring bine 
io the tell cat taect oC 
the nl is rere ive than 
cathode, and the proper bias is established, tube V2K 
conducts. When V2B plate current flows through resistor 
R8, a voltage is dropped across this resistor; this voltage 
is also the grid voltage ot V2A, and is at a relatively high 
value. 

A two-stage direc uplest amplifier is usually ay 
sO that opproximutely one-nali of the available voltage 
the regulated output, Eout, is used for the input stage. ‘ie 
plate of the output stage, V2A, of the two-stage contigura- 
tion is connected through a suitable load resistor to the 
most positive point of the availuble voltage, which, in this 
regulator circuit, is through resistor Rl to the unrequiated 
input, Ein. The cathode of the output stage, V2A, must be 


connected 


Ougd Tesis 


tea 


tv o positive voltage point 
the propet biasing voltage and the proper plate-operating 
voltage. This point is determined by the proper seiection 
of voltage-divider resistors R6 and #7 so that the voitage 
developed cross resistor AT, which is the deebiag 
voltage of V2A, is slightly more positive than the voltage 
at ithe wie (which is determined by the voitage drop across 


table for providing 


ode requlater-amolifier 

circuit is a sa Se complex resistance network which must 
ke adiusted carefully to abtar: the eroper olaze, arid, and 
cathode voltages for both stages, it provides a rather high 


gaia and guud 


It iS this bias lev 
rill cetermines the waflective 
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Assume, now, that the regulated output voltage, Eout, 
attempts to decrease, either because of a decrease in the 
input voltage to the regulator circuit or because of an in- 
crease in the load current. Through the voltoqe-divider 
action of resistors Rll, R12, and R13, a slightly lower 
Positive voltage now appears across R12, and R13. This tre 
sults in a decrease in the positive voltage applied to the 
cathode of V2B cnd a corresponding decrease in the bias 
voltage between this cathode and the grid of V2B. (The 
gtid voltage of V2B remains constant because of the action 
of reference tube V3.) As oa result of the decreased bias, 
V2B now conducts more current, and this additional current 
tlow through plaie-load resistor R8 results in @ greater 
voltage drop across R8; thus, the voltage at the plate of V2B 
decreases. Since the voltage at the plate of V2B is also 
the grid voltage of V2A, the bias on V2A now increases; 
this results from the fact that a negative-going grid signal 
in conjunction with a fixed voltage on the cathode causes 
the difference in potential between these two electrodes to 
become greater. The increased bias of V2A reduces the con- 
duction through this tube and causes a decrease of plote 
current through plate-load resistor Rl, thereby producing a 
smaller voltage drop across this resistor to cause a rise in 
V2A plate voltage. This positive-going voltage at the plote 
of VZA is coupled to the grids of V1 and causes the difter- 
ence in potential between the grids and cathodes of V1 to 
decrease. This difference in voltage between the grids and 
cathodes of V1 is the operating bias for Vl. Thus, as a 
result of this bias voltage decrease, the effective intemal 
resistance of V1 decreases. Wher the internal resistance 
of V1 decreases, more load current flows through V1, the 
voltage drop across V1 decreases, and the output voltage of 
the regulator circuit increases to its original value. 

An action similar to that just described occurs when the 
tegulated output voltage, Eout, attempts to increase. 
Through the voltage-divider action of resistors R11, R12, 
and R13, the bias voltage between the cathode and grid of 
V2B is increased, since a slightly higher positive potential 
now exists across R12 and R13. As a tesult of the in- 
creased bias, V2B now conducts less current, ond this de 
creased current flow through plate-load resistor R8 causes 
a smaller voltage drop to occur across R8; thus, the volt- 
age at the plate of V2B increases, and this positive-going 
voltage causes the bias of V2A to decrease. With ade 
creased bias, V2A conducts more heavily and the increased 
plate curtent through plate-load resistor R1 produces a 
negative-going voltage at theplate of V2A. This neaative- 
going signal is coupled to the grids of V1, causing the 
difference in potential between the gtids and cathodes 
of V1 to increase. This difference in voltage between the 
gtids and cathodes of V1 is the operating bias for V1. Thus, 
asa tesult of this bios voltage increase, the effective in- 
temal resistance of V1 incteases. When the internal re- 
sistance of V1 increases, less load current flows through 
V1, the voltage drop across V1 increases, and the output 
voltage of the regulator circuit decreases to its original 
value. 

The actions described in the preceding paragraphs are 
practically instantaneous; consequently, the output voltage, 
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Eout, remoins practically constant. Since all the load 
curfent must pass through the series regulator tube, V1, 
the tube must be capable of passing considerable current. 
In some circuit applications where the load current require 
ments exceed the capabilities of a single tube, two or more 
identical tubes are connected in pardilel {as the sections 
of twin-triode V1 have been paralleled) in order to obtain 
suitable regulation characteristics and current-handling 
capability. 

The output of the regulator circuit is coupled to the 
cathode of the input stage of the cascade twin-triode ampli- 
fier tube, V2, through coupling capacitor C2. Any ripple 
component present in the output voltage is amplitied by 
V2, and, since the circuit is basically a negative feedback 
circuit, the ripple component is suppressed. As a result, 
the regulator circuit is sensitive to any voltage changes 
and is very effective in removing any fundamental ripple 
frequency component which is present in the regulated 
voltage output. Although there are many minor variations 
in the regulator-amplifier circuit configuration, the function 
of the requlator circuit remains the same, that is, to supply 
@ regulated output voltage to the load which is independent 
of variations in input voltage or changes in load current. 


FAILURE ANALYSIS. 

General. The d-c regulator using a cascade twin-triode 
amplifier includes several components which are rather 
critical and affect the operation of the regulator circuit. 

For this reason, voltage-divider resistors R11, R12, and 
R13, as well as resistors R6 and R7 are normally close- 
tolerance (on the order of 1, 2, or 5 percent) resistors with 
good temperature stability characteristics. If for any reason 
these particular resistors should change in value, the 
operation of the circuit will be impaired. Since the regulator 
circuit attempts to hold the output voltage constant, it is 
usually good practice to determine whether the load current 
is within tolerance before suspecting trouble within the 
regulator circuit proper. A load-current measurement may 
be made by inserting o milliommeter (having a suitable 
range) in series with the output of the regulator circuit. 
Also, a voltage measurement should be made at the input 

to the regulator circuit to determine whether the unregulated 
voltage output from the power supply (and filter circuit) is 
within tolerance, 

No Output. In the d-c regulator using a cascade twir- 
triode amplifier, the no-output condition is likely to be 
limited to one of the following possible causes: the lack 
of filament voltage applied to series regulator tube V1, 
the lack of applied d-c voltage (from the associated power 
supply and filter circuit), or a shorted load circuit (including 
output capacitor C3.) A visual check of the glass-envelope 
series regulator tube, V1, should be made to determine 
whether the filament is lit; if the filament is not lit, it may 
be open or the filament voltage may not ke applied. The 
tube filament should be checked for continuity; also, the 
presence of filament voltage at the tube socket should be 
determined by measurement. The d-c voltage applied to the 
regulator circuit should be measured at the input (plate of 
V1) to determine whether it is present and of the correct 
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value, since the lack of input voltage from the associated 
power supply and filter circuit will cause a lack of output 
voltage. With the d-c voltage removed from the input to the 
circull, resistance measurements con be made actoss the 
load (voltage-divider resistors R11, R12, and R13, or 

R6 and R7} to determine whether the Icad circuit, 
including capacitor C3, is shorted. (The resistance 
measure.i uctoss the load circuit will normatly mea: 
something less than the total value of series-connected 
zesistors Ril, R12, and RI3, or the total valu 
connected resisters R6 and 27, depending upon the lood 


cf series- 


circuit tesign.) 


High Suipei. The high-outeut condition 


caused Ly a decrease in operating 


jas for the series reg- 


ulator tupe, V1, which, in turn, causes the tube tc decrease 
its internal resistance and permits the regusatcr output 


ectronic regulator circuit which can cause a decrease in 
the operating bias for V1 should te suspected. Voltage 
measurements should be made at the socket of V1 to deter- 
mine whether bias {cathode-to-grid) voltage is present. 
The series requlator tube, V1, may be checked by substi 
tion of a tube known to be good to dete: 
tube is deiective (grid-to-cathode short, etc). 
A visual check of the gas-filled regulator tube, V3, 

which provides a reference voltage for operation of the 
cascade twin-triode regulatcr-omplifier circuit, should be 
made to determine whether the tube is conducting. A volts 
age measurement made between the plate and cat! 
V3 will determine whether sufficient voltageis presetit aE 
the tube to cause conduction. if the voltageis above 
normal, the tube may be defective; a tube known to be good 
may be substituted te checks for proper operation of the 
tefetence-veltage circuit. If the voltage measured across 
V4 is below normal, itis likely thut resistor K1G is open. 

A visual check of regulator-amplifier tube V2 should be 
de to determine whether the filament is lit: if the filament 
sg not lit, it muy be open or the filoment voltage m may not be 
appiied. The tube fila: 
also, the presence of filament valtage ct the tube so: 
shouic be deternaned by ieasurement. The Lics ve: 
applied to V2 should be measured to determine whether 
the tuke is improperly biased, causing the operating pias 
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be jo0d snould be substituted and operaticn of the circunt 
observed to determine whether tube V2 is the cause of the 
trouble. 

Low Output. The iow-outout concition is usually ccuse2 


by an increase in operating bics f 
e, Vi, wrici 
mal resistance ana 
to fail below normel. St oe uit 
uronic tequiator circuit which can cause an inctease in the 
cperating bias for V1 snould be suspected. 
section cf V1 {such a: 
element) will cause 3 reduction 


pit iuiti, COUSES 


Glebalsas 
of Vi should be measurce te eeter 
open, that they have not increasea in value, 
are of equal resistance. 
A visual check of the 
rel 
twine ‘triode tequlater-amplifier circuit, snould be 
hot the tube is conducting. A volt 
measurement made between the piate and cathode of V3 
will determine whether sufficient voltageis present at the 
tube to Cause conduction. If the voltage measured across 
V3 is Below LOuIGl, or it ag voltage is present, it is likely 
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result in reducedoutput voltage, although the regulator- 
amplifier circuit (VZ) may be functioning normally but unable 
to compensate for the decrease in output. 

Poor Regulation Characteristics. Voltage instability, 
slow response, etc, are frequently caused by weak or un- 
balanced triode sections in series regulator tube V1, un- 
balanced cathode resistors R4 and R85, or o defective 
requlator-amplifier tube, V2. The gain of the regulator- 
amplifier stage is determined primarily by tube ¥2 and its 
applied voltages; therefore, the condition of V2 and its 
applied voltages are important factors governing satisfactory 
operation of the regulator circuit. 


0-C REGULATOR USING TWIN-TRIODE AND PENTODE 
(BALANCED INPUT). 


APPLICATION. 

The d-c requlator using o twin-triode amplifier and a 
pentode amplifier is employed in certain electronic equip- 
ment power-supply circuits to obtain nearly constant output 
voltage or voltages despite variations in input voltage or 
toad current. 


CHARACTERISTICS. 

Requlated outout voltage to load is nearly constant, even 
though changes in input voltage or load current occur. 

Voltage-divider principle employed, using variable resist- 
ance (electronic tube) in series with load resistance; series 
electron tube may be a triode, a triode-connected pentode, 
ot a pentode with separate screen-voltage supply. 

Uses twin-ttiode differential amplifier and pentode am- 
plifier circuit to control the series electron tube; the pen- 
tode amplifier uses a separate external screen-voltage 
supply. 

Uses gas-tube regulator circuits as reference-voltage 
sources; the gas tubes are fed from an external regulated 
negative-voltage supply. 

Variation in basic circuit permits positive (plate and 
scteen) or negative (bias) supply voltages to be regulated. 


CIRCUIT ANAL YSIS. 

General. The d-c requlator using a twin-triode differ- 
ential amplifier and pentode amplifier is capable of provid- 
ing very stable output voltage regulation. In this discussion 
the term ‘‘requlation” means the maintenance of a nearly 
constant output voltage regardless of changes in the input 
voltage or the load current. The variations in output voltage 
that normally result from component aging, changes in oper- 
ational environment, etc, are usually considered in the de- 
sign of the circuit, and are compensated for by using close 
toletance (on the order cf 1, 2, or 5 percent) components 
whose values do not deviate from the nominal by more than 
the strict limits specified. 

in this type of voltage regulator, regulation is accom- 
plished by allowing the cathode-to-plate conduction resist- 
ance of an electron tube, in series with the output of a power 
supply, to fuction as a voricble resistance, and thus provide 
the voltage drop necessary to compensate for any change in 
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output voltage. That is, the change in output voltage is 
compared and amplified in the twin-triode and pentode requ- 
lotor-amplifier circuit, and applied cs a bias voltage to the 
grid of the series regulator tube, thereby vatying the con- 
duction resistance of this tube. The verying conduction 
tesistance of the regulator tube, in tum, varies the load cur- 
tent drawn by the series circuit and the voltage drop across 
the series regulator tube; in so doing, the series regulator 
tube absorbs the change in the output voltage. Voltage regu- 
Jation on the order of } percent con be obtained with this 
type of voltage regulator, depending on the circuit design. 
Cirevit Operation. A typical d-c regulator circuit using a 
twin-triode differential amplifier and pentode amplifier is 
illustrated in the accor:panying circuit schematic. Elec- 
tron tube, V1 is a paraliel-connected twin-triode used as the 
seties regulator tube. (In applications where the current 
drain exceeds the current-handling capability of a single 
series regulator tube, two or more tubes of the same type 
may be connected in parallel.) Electron tube V2 is a high- 
gain pentode, and electron whe V3 is a high-gain twin- 
triode; V3 functions as a cathode-coupled differential am- 
plifier and is the input stage of the regulator-amplifier cir- 
cuit, whereas pentode amplifier V2 is the output stage of 
the same circuit. The high amplification obtained from 
differential amplifier V3 and pentode amplifier V2 enables 
the circuit to have good sensitivity to small-voltage variat- 
ions. Tubes V4 and V5 are cold-cathode, gas filled tubes 
used to provide reference voltages for operation of the requ- 
lator-amplifier circuit. The use of the gas-filled regulator 
tubes in this application is satisfactory as reliable refer- 
ences since there are no excessive currents in those bran- 
ches of the circuit. Electron tubes V], V2, and V3 are indi- 
rectly heated, cathode-type tubes; V1] normally has a high 
heater-to-cathode voitage rating, while V2 and V3 havea 
heater-to-cathode voltage rating which is typical for receiv- 
ing-type tubes. Because of the heater-to-cathode break- 
down voltage limitations imposed by the tubes thenselves, 
it is usually necessary to isolate the filament circuits 
from each other and to supply the filament (heater) voltages 
from independent sources. 
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0-C Regulator Using Twin-Triode and Pentode 
(Bolanced Input) 


Resistors Rl and R2, in the grid circuits of V1, are para- 
sitic oscillation suppressors; they are of equal value, gener- 
ally between 270 and 1000 ohms. Resistors R3 and R4, in 
the cathode circuits of V1, are included for the purpose of 
equalizing the current flow of the parallel-connected triode 
sections; these resistors are of equal value, generally 
between 10 and 47 ohms, depending upon circuit design. 
Resistors RS and R6 are connected in parallel with series 
regulator tube V] to reduce its plate dissipation. The value 
of these resistors is selected So that their curren : 
under all operating conditions is less than the mi i load 
eurrent; this will ensure a current flow through series regu- 
lator be V1 and thereby permit the regulator to furiction. 

Gas-filled regulator tubes V4 and V5 provide reference 
voltage for the grid circuits of ¥2 and ¥38, respectively. 
Parallel-connected resistors R18 and R19 apply to the cath- 
ode of V4 a negative potential which is sufficiently nigh to 
ensure satisfactory ionization; these resistors also limit the 
current through V4 once the gas ia the tube is icnized, Be- 
cause tube V5 provides a ieieienice voltage less negative 
than of V4, its cathode potential is accordingly made less 
negative by the voltage drop across resistor R20, which also 
serves Us tube V5 is ionized. 
Init typical dt regulator circunt, V4 may be a type TAZ yes 
tube to provide a reference voltage of -150 volts, and VS 


+ limiting resist 
nt Limiting resis 
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may be a type 5651 gas tube to provide a reference vol- 

tage in the range of -82 to -92 volts. By supplying the refer- 
ence tubes from an external regulator negative-voltage 
source rather than connecting the tubes in the cathode cir- 
cuit of the regulator-amplifier stages (as is done in some 

d-c regulator circuits), several advantages are obtained. 
First, the cathodes of the regulator-amplifier stages are at 
ground rather than at a high positive potential, thereby allow- 
ing a larger plate swing of the stages; second, the reference 
tube is in a grid circuit rather than in a cathode circuit, and 
thus operates under constunt-current conditions; und third, 
the regulator-amplifier stage gain is greater with this con- 
nection because cathode degenetation caused py g 
impedance is not present. ‘The choice current for the re- 
spective gas-filled tuves, as determined oy resistors mis, 
RIG, and R20, is a compromise between shortened tube life 
al ingh currents and higher ncise level at low currents. 
Capacitors C4 and C5, connected across V4 and V5, respec- 
tively, ate bypass capacitors to supress the transient noise 
generated by the gas tunes. The value of these capacitors 
is usually the largest value recommended by the tube 
manufacturer. 


tube 


The regulator-omplifier circuit consists of cathode 
coupled differer Her V4, used aso balanced anpui 
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A negative voltage is fed from an external regulated 
source to the cathode of reference tube V4 through parallel- 
connected resistors R18 and R]9, and to the cathode of refer- 
ence tube V5 through resistor R20. Since the plate of each 
reference tube is ai ground potential, the negatis 
at the cathode causes the gas to ionize and the tube to con- 
duci. In this manner negative reference voltage are estab 
lished for the voltage dividers feeding the grid of peniode 
amplifier V2 and the grid of the cathode-fcllower section, 
V3B, of the differential amplifier. (The action of the gas- 
filled reference tubes is the sme as that previously 
described, under Gas-Tube Regulator Circuit, in Section 5 
of this Handbook.) Regardless of the value of d-c voltage 
applied to the input, ENG sk the regulator circuit, the nega- 
uve-volluge tefere: is of and 
ill be held constant by the action of V4 and V5, ieanenuvely’: 

The regulator-umplifier circuit, which consists of pentode 
emplitier V2 onc cathode-couplea differential amplitier V3, 
uses the cathode load impedance ci cathode icilower V33 
as the cathode input impedance of triode ompiitier V3A. 
Thus, the signal of the cathode follower is applied between 
the control grid an¢ ground, while the output of this same 
stage is the input to the triode amplifier, and is applied 
between the cathode and ground. ‘The grid voltage for the 

cathode follower is det ine setting of voltage 
vider tesistor R16. The triode amplifier has a fixed volt- 
age on its grid, obtained from the junction of voltage- 
divider resistors R12 and R13. The plate voltage of V3A and 
V3B is obtained from the regulated output, Eout; the plate of 
V35 is retumed divectly to the regulaior outpui, 
the plate of V3A is returned to this potential through plate- 
load resistor R9, which is part of the voltage-divider net- 
work consisting of resistors R9, RIC, and R11. Thus, the 
operating potentials at the electrodes of V3A and V3B are 
such that, under normat-load conditions, they permit o pre- 
determined value cf current to be drawn by V3 ond develop 
an output signal across piate-ioad iesistor RS. 

The output signal of V3A developed across resistor RG 
is direct-coupled through resistor R10 tu the grid of pentode 
amplifier V2. This signal, then, acts to control the conduc- 

tion through ¥2. When V2 is conducting, the current through 
paratlel-coducted plate-ioad resistors R7 and R8 develops 
ag voltage at the plate of V2; this voltage is coupled to the 
gids of V1. The voltage at the grids of V1 is less than the 
cathodes of this tube: hence, the normal-load 


voltage 


voltag 


2 setting af voriable 
} in V3, 
which, in turn, conti the Zana trerepy 
establishes the bias for V1. This bias voltage of V1 initi- 
al-load internal resistance 
the 


ntain the desired output voltage, Eout, 
Tegulator circuit. 
Assume, row, that the pepe outeut ones Eour, 


ifereicn : Bin, to the requ 


in the load current. 
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0967-000-0120 VOLTAGE REGULATORS 
Exut, remains practically constont. Since most of the load 
current must pass through series regulator tube V1, the tube 
stage. Asc result of the decreased bias, V3B now conducts 
more current, and this additional current flow through cath- 
ode-load tor Rl 4 results in a qeater voltage drop 
across this resistor. The voltage at the cathode of 3, in 
ging more positive, increases the Dias on V3A and thereby 
jeduces conduction throug! ge. The reduced vlute 
current of V3A couses a smaller voltage drop across a plate- 
logd resistor RY, which, in effect, is a positive-geing signa: 


at the i of V3A. The differential as selitiee therefore, 


lied te tne grid of V3B. 


gnal at the plate of V3A is direct- 


a. santada acrli jor 
ugh resisiu: M10 ic the grid of sontode anplif 


The pesitive-qcing sic 
coupied the 
¥2, where it reduces the bias and causes an increase in the 
conduction of this stage. When the conduction of V2 is in- 
creased, the additional plate current arougs pict loaae re 


sistors (47 


gé drop acress 


eS duces a grealer 
these resistors, and thereby develcps ¢ meqauiuaoniie + sig- 
nal at the plate of V2. This negative-going signal is coupled 
to the grids of V1, where it causes the difference in voltage 
between the grids and cathodes cf V1 to increase. The 
difference in voltage between the grids and cathodes of V} 
1s the operating bias for Vi. As a result of the bias voltag 
increase, the effective internal resistence of V1 increases. 
When the internal resistance of V1 increases, Jess load cur- 
Tent flows through V1, the voltage drop across V1 increases, 
and the output voltage Sout, of the reguletor circuit de- 

ral 


ounemnmmal 


An action similar to ‘that just described occurs when the 
tequlated output voltcge, Eout, attempts to decrease. 
Through the voltage-divider action ot resistors H1S, #16, 
and R17, the bias voltage on the grid of V 3B is creased, 
since a slightly lower Eee potential now exists aero 
tesistors R16 and R17. esult of the increased bias, 


V3B now conducts less than asrent and the decreased cur- 
tent flow through cathode-load resistor R14 causes a smal- 
ler veltage ee to occur across this resistor. The voltage 


Sang erty incres: 


he increased plate current ot V3A ca: 


white 


hegative-going siznat ct ts plate a aes 


* gtids and cathoc 


3 resuit of the biz. ft crease, the effective 


resistance of VI g When the internal r 


sie tried 
muctcully instantaneous; conceguently, the output valtage, 
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ELECTRONIC CIRCUITS NAYSHIPS 
the correct value, since the lack of input voltage from the 
associated power supply and filter circuit will cause a lack 
of output voltage. With the d-c voltage removed from the in- 
must be capable of passing considerable current. In some 
circuit applications where the load current requirements ex- 
ceed the capabilities of a single tube, two or more identical 
tubes are connected in parallel (as the sections of twin- 
triode V1 have been paralleled) in order to obtain suitable 
regulation characteristics and current-handling capability. 
Also, in order to reduce the plate dissipation of series re 
gulator tube V1, resistors can be connected in parallel with 
the tube (as resistors RS and R6 hove been connected in this 
Tequlator circuit). 

The output of the regulator circuit is coupled to the 
grid of the cathode-follower section, V3B, of the differential 
amplifier through coupling capacitor C2 Any ripple compo- 
nent present in the output voltage is a:nplified in the regu- 
lator amplifier, and, since the circuit is basically a negative- 
feedback circuit, the ripple component is suppressed, Asa 
result, the regulator circuit is sensitive to any voltage 
changes and is very effective in removing any fundamental 
ripple-frequency component which is present in the regulated 
voltage output. Although there are many variations in the re- 
gulator-omplifier circuit configuration, the function of the 
regulator circuit remains the sare, that is, to supply a re- 
guiated output voltage to the load which is independent of 
variations in input voltage or changes in load current. 


FAILURE ANALYSIS. 

General. The d-c regulator using a twin-triode and pen- 
tode regulator amplifier includes several components which 
are rather critical and thus directly affect the operation of 
the regulator circuit. For this reason, the resistors in the 
tegulator-amplifier circuit are normally close-tolerance {on 
the order of 1, 2, or 5 percent) resistors with good tenpera- 
ture-stability characteristics. The operation of the circuit 
will be impaired if these resistors should change in value 
for any reason. Since the regulator circuit attempts to hold 
the output voltage constant, it is usually good practice to 
determine whether the load current is within tolerance before 
suspecting touble within the regulator circuit proper. A 
load-current measurement may be made by inserting a mil- 
liammeter (having a suitable range) in series with the out- 
put of the regulator circuit. Also, a voltage measurement 
should be made at the input to the regulator circuit to deter- 
mine whether the unregulated voltage output from tne power 
supply (and filter circuit) is within tolerance, 

No Output. In this d< regulator circuit, the no-output 
condition is likely to be limited to one of the following pos- 
sible causes: the lack of filament voltage applied to series 
tegulator tube V1, the lack of applied d-c voltage (from the 
associated power supply and filter circuit), or a short-cit- 
cuited load (including output capacitor C3). A visual check 
of the glass-envelope series regulator tube, V1, should be 
made to determine whether the filament is lit; if the filament 
18 not lit, it ssay be open or the filament voltage may not be 
applied. The tube filament should be checked for continuity; 
also, the presence of filament voltage at the tube socket 
should be determined by measurement. The d-c voltage op- 
plied to the regulator circuit should be measured at the in- 
put (plate of V1) to determine whether it is present and cf 
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tion of resistor R16 is open to cut off V3B, cr that resistor 
R13 is open to cause the heavy conduction of V3A. 

If pentode amplifier V2 has low emission, the voltage 
drop across plate-load resistors R7 and R8 will be below 
put to the circuit, resistance measurements can be made 
across the load to determine whether the load circuit, includ- 
in capacitor C2, is shorted. (The resistance measured 
across the load circuit will normally be something less than 
the total value of the voltage-divider resistors, depending 
upon the load circuit design.) 

High Output. The high-output condition is usually caused 
by a decrease in operating bias for the series regulator tube, 
Vl, which, in turn, couses the tube to decrease its internal 
resistance and permit the regulator output voltage to rise 
above normal. Therefore, any defects in the electronic re- 
quiator circuit which can cause a decrease in the operating 
bias for V1 should be suspected. Voltage measurements 
should be made at the socket of V1 to determine whether 
bias (cathode-io-grid) voltage is present. The series regu- 
lator tube, V1, may be checked by substitution of a tube 
known to be good to determine whether the tube is defective 
(grid-to-cathode short, etc), 

A visual check ui gas-filled regulator tube V5, which 
provides a reference voltage for the operation of the cathode- 
follower section (V3B) of the differential amplifier circuzt, 
should be made to determine whether the tube is conducting. 
A voltage measurement made between the cathode and plate 
of V5 wiil determine whether sufficient negative voltage is 
present at the tube to cause conduction. If the voltage is 
more negative than normal, the tube may be defective; a 
tube known to be gocd may be substituted to check for pro- 
per Operation of the V5 reference-voltage circuit. If the volt- 
age measured across V5 is less negative than normal, it is 
likely that resistor R20 has changed in value. 

A ‘visual check of regulator-arnplitier tubes V2 and V3 
should be made to determine whether their filaments are lit; 
if the filaments are not lit, they may be open or the filament 
voltage may not be applied. The tube filaments should be 
checked for continuity; also, the presence of filament volt- 
age at the tube sockets should be deterinined by measure- 
ment. 

The bias voltages applied to V2 and V3 should be meas- 
ured to determine whether these tubes are improperly biased, 
causing the operating bias on V1 to decrease, Assuming 
that V4 and V5 are conducting normally to provide the pro- 
per reference voltages, if the veltage at the grid of V2 or 
V3B is below normal, there will be an increase in the bias 
on the respective tube. In this case it is possible that re- 
sistor R9, R10, or Rll has changed in value to increase the 
bias cf V2, or that resistor R15 or R16 has changed in value 
to increase the bias of V3B; in addition, an improper setting 
of variable resistor R16 will affect the bias voltage at the 
grid of V3B. A high output from the regulator also will re 
sult when the voltage at the grid of V3A is above normal, 
ond thereby cause o bias decrease on this stage; a change 
in the velue of resistor R12 or R13 will produce this effect. 
If V2 or V3B is biased to cutoff, or if V3A is conducting 
heavily as a result of a high positive voltage at its gid, V1 
will be made to conduct heavily as a result of a decreased 
operating bias. In this case, it is likely that resistor R9 or 
RIG is open to cut off V2, that resistor R15 or the top por- 
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high positive voltege will be placed.on the'grid of V3B if 
the bottom portion of resistor R16 or resistor R17 is open, or 
if capacitor C2 is leaky or shorted. A bias sufficient to cut 
off V3A will result if resistor R12 is gpen; also, an open 
cathode resistor, Rid, in the differential amplitier will cut 
off V3A. 
normal; therefore, the bius of Vi will be decreased anda 
high output from the regulator will resuit. Under this curcum- 
stance, a tube known to be good should be substituted at 
V2 and operation of the circurt observed to determine wheth- 
er tube VZ is the cause of the trouble. 

Low Output. The low-output condition of the regulator 
is usually caused by an increase in operating bias for the 
series trequlator tube, V1, which, in turn, causes the tube to 


inethese iS Waisingl pesvstence.diid penkk the vegule eicut 
put voltage to fall below normal. Therefore, any defects in 
the electronic regulator circuit which can cause an increase 
in the operating pics for Vi should pe suspected. Trouble 
in one section of V1 (such as low cathode emission of an 
open tube element} will cause a reduction in the output. Lhe 
tube may be checked by substitution of a tube known to be 
good to determine whether tne tube is defective. Voltage 
measurements should be made at the socket of V1 to deter- 
mine whether the pias (cathode-to-grid) voltage is excessive. 
The equalizing resistors, R3 and R4, in the cathode circuits 
of V1 should be measured to determine that neither one is 
open, that they have not increased in value, and that they 
are of equal resistance. 

A visual check of gas-filled regulator tube V4, which 
provides a reference voitage ior the operation of pentode am- 
plifier V2, should be made to determine that the tube 1s 
conducting. A voltage measurement made petween the cath- 
ode and plate of V4 will determine whether sufficient volt- 
age 1s present dt the tube to cause conduction. If the volt- 
age is more negative than normal, the tube may be defective; 
a tube known to be good may be susbtitured tc check for 
proper operation of the V4 reference voltage circuit. If the 
voltage measured across Vd is less negative than normal, 
itis likely that resistor K18 or R19 1s open, thereby pro- 
vein a voltage which is nct sufficiently negative to cause 
he V4 to jon 22, 

The bias voltages applied to V2 and V3 should be mecs- 
ured to determine whether these tubes are improperly biased, 


causing the operating bics on V1 to increase, Assuming thet 
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It is possible for the symptom of a high posiuve voltage 
at the grid of V2 or V3B to be caused by a defect in the volt- 
age reference circuits. For exam ao ILS cae C4iorCS 
(paralleling teference tubes ‘ V4 ond \ /5,7e vely 


pater rao ihc nis ale bier raise 
their respective negative voltage reference. 


the voltage distribution across the respecuve 
ets will be such thai the 
made more positive. Separately, the voltage at the grid o/ 
V2 wiil pe more positive if reference tube Vd is defec 
and a similar condition will be noted fer the grid of 
ot ee is ypen. The result of each of the forege: 
Swi Son series i 


tage at the grid of V2 


Alse, it AGE V2 is snorted an 

age drop across plate-load resiswrs und A6 will ge exces: 
sive; therefore, a ture known to be good snould oe substi- 
tuted and operation of the circuit observed to determured 
whether tube V2 is the cause of the trouble. If differential 
anplitier tube V3 has low emission, the voltage drop across 
its plate-load resistor (RQ) will be velow normal; therefore, 
the vias of VZ will be decreased, and in turn, cause on in- 
ctease in the bias of V1 and a decrease in the output of the 
regulater. A tuze known to de gzod should pe substituted 
at V3, and cperation of the circuit observed to determine 


wnedor use V3uiw the cause ult 


As mentioned previously, excessive load current can 
cause the output voltae to be low, especially if the load 
CGXITUM Patine A semes reaqularor &. 


across Wy 
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load current exceeds the ratung of tne pov 
ing ind decrease in the apolied voltage). 


, Oulput capacitor CS should sec 


whether itis satisicctory. A leaky outpy 


result in reduced output voltage, olthoujh the regurater-ain- 
plifier circuit (V2 and V3) may be functioning normally cut 
still be unable tc compensate for the decrease in output 
Poor Regulation Characteristics. | y 
slow TesLonse, etc, are treyuenUly cuused uy weak of une 
balanced triode sections in series re tube V1, un- 
palanced enathade resistors. 


ampiihermces Vand V4, 


their 


an@ the applied volt ages are i 


ROTISTAS Tay pneranen ar tne ree 


portant factors gov 


ATS ae 


D-C REGULATOR USING PENTODE AND TWIN-TRIODE 
{BALANCED OUT PUT). 


APPLICATION. 


5-A-23 


ELECTRONIC CIRCUITS NAVSHIPS 
CHARACTERISTICS. 
Regulated output voltage to load is nearly constant, 
hough changes in input voltage or load current occur. 
Voltage-divider principle employed, using variable 
resistance (electron tube) in series with locd resistance; 
series electron tube mey be a tricde, a triode-connected 
pentode, or c pentede with separate screen-voltage supply. 
entode amplifier and twin-triode differential 
trol the series electron tube. 
tube regulator circuits as reference-voltage 


eve 


Uses 


Sources, 
Variation in basic circuit permits positive (plate and 
screen) cr negative (bias) supply voltages to be regulated. 


CIRCUIT ANALYSIS. 

General. Tne d-c regulator using a pentode amplifier 
and u twinetriode differentiat amplifier is capable of pro- 
viding very stable output voltage regulation. In this dis- 
cussion the term “regulation'’ means the maintenance of a 
necrly constant output voltage, regardless of changes in 
the input velteqe or tne load current. The variations in 
output voltage that normally resuit from component aging, 
chanyes in operctional environment, etc, are usually con- 
sidered in the design of the circuit, and are compensated 
for by using closetclerance (on the order of 1, 2, ur 5 
percent) components whose values do not deviate from the 
nominal by more than the strict limits specified. 

In this type of voltage regulator, regulation is accom- 
plished by allowing the cathode-to-plate conduction re- 
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sistance of an electron tube, in series with the output of a 
power supply, to function as a variable resistance, and 
thus provide the voltage drop necessary to compensate for 
any change in output voltage. That is, the change in output 
voltage is compared ond amplified in the pentode and twin- 
triode regulator-amplifier circuit, and applied as a bias volt- 
age to the grid of the series regulator tube, thereby varying 
the conduction resistance of this tube. The varying con- 
duction resistance of the regulator tube, in turn, varies the 
load current drawn by the series circuit and the voltage 
drop across the series regulator tube; in so doing, the 
series regulator tube cbsorbs the change in the output 
voltage. Voltage regulution of approximately 1 percent 
can be otained with this type of electronic d-c regulator, 
depending on the circuit design. 

Circuit Operation. A typical d-c regulator circuit using 
a pentode amplifier and twin-triode differential amplifier 
is illustrated in the accompanying circuit schematic 
Electron tube V1 is a parallel-connected twin-triode used 
as the series regulator tube. (In applications where the 
current drain exceeds the current-nandling capability of a 
single series regulator tube, two or more tubes of the same 
type may be connected in parallel.) Electron tube V2 is 
another twin-triode, and is used as a cathode-coupled 
differential amplifier stage. Electron tube V3 is u high-gain 
pentode amplifier. Together, tubes V2 and V3 function as 
the regulator-amplifier circuit; pentode V3 is the input 
stage, and twin-triode V2 is the output stage. Tubes V4 
and V5 are cold-cathode, gas-filled tubes used to provide 


m 
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reference age for operation of the pi aa oo 


as reliable SGA since there are nc 


ge rating, while VZ and V3 have a heuier-iv-culliode vuli- 


erating which is typical for receiving-type tubes. 
ecouse of the heater-to-cathode breakdown voltage limite 
ticns imposed by the tubes th cemselves, it is usually neces 
easary to isolate the dlament circuits from each other and 
te suppiy the filement (heater) voltages from independent 
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mplifier circuit consists of pentode 
ampli fier v3, ied as c single-ended input stage, cascaded 
with cathode-coupled differential omplifier V2, used as a 
inced Output stage. The left-hand section of the 
tential amplifier, V2A, functions as a triode amplifier, 
and the right-hand section, V2B, functions as a cathode 
bai of twin-triode V2 


1s eras to the grid 
taken from the 
the cathore-coupled difierential 


odan: srevidi ini 
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je for this same 
stage is obtuined from voltage-< A ree lstave R6 and R7, 
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% a common resistor for wicde amplifier V2A 

© follower V2, 
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tipple frequency anc a value wiich is not so large as to 
affect the normal operation of the reference tube, V4. 

Gas tube V5 is in series with voltaqe-divider resistors 
R12, R13, and R14 across the regulated output, Eout. 
Because this crrarnjzement permits o larger percentage of 
the output-voltage variations to be coupled to the control 


dof the pentoae amplitier, the over-all gain of the rep 


dese amplifier is made greater. In some &c regulators, 
two or more gas tubes may be used in series with the 
veltage-divider resistors. The number and type of gas 
tubes used in this manner depends upon the voltage drop 
quirec between the output and the gid of pentode ampii- 
her V2; it is usually desirable that the largest portion of 
eu volluge diup be ubiviaed Guess tie 
With c jas tube placed in a gri¢ circuit, such os 
itional pues is 


puses madets 
Therefore, tt si 
its ability to feat at the same voltage each ti 
power supply (equipment) is turned on and the sence to 
which the voltage is reguisted at a constant value so long 
as the equipment is in operation. Capacitor C3, connected 
in paraliel with V5, is used to suppress the transient noise 
generated by the gas tube, and thereby prevent these 
undesircble signals from appearing on the grid of pentode 
amplifier V3. The value of capacitor C3, which is usually 
the largest value recommended by the tube manufacturer, 


transient noise and a vi 
affect the nor 
Wapac.ter CZ coupies tie juli vaiue of mpple fevalt Je 
from the output of the regulator circuit to the grid of V3; 
if capacitor C2 were not used, only a portion of the ripple 
tage would be applied to the grid of V3, as determi: 
by the action of V5 and voltage-divider resistors K1J, 
R13, and abe The value of capacitor C2 is chosen se 
gh to provide satisfectory ripple 
suppression. It the vaiue of capacitor CZ were mage too 
regulator it te 
+-c output-voltage variations would be affected; a value of 
trom 0.91 to Gi meretared is typicui in most regulator 
amplifier circuits. Capacitor C4 is connected across the 
output terminals to lower the output impedance of the 
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follower section, V2B, and the triodeamplitier section, 
V24. The output impedance of the cathode follower acts 
as an impedance in series with the cathode input to the 
uiode amplifier. The sum cf the plate currents of V2A and 
V2B is equal to the current through cathode resistor R8. 
Tri ue cf current is essentially constant; thet is, an 
increase in the plate current of cathode iollower V28 causes 
an almost equal decrease in the plate current of triode 
omplifier V2A. In this manner, the current through resistor 
R& is kept essentially constant. 

As previously mentioned, the operation of this regue 
Ictor circuit is based upon the voltagedivider principle 
of using a vartable resistance in the form of electron tube 
Vi in series with the load resistance. The regulated output 
voltage, Eout, appears across the voltage dividers formed 
by gas tube VS and resistors R12, R13, and R14, and 
resistors R6 and R7, which are connected across the output 
of the regulator circuit and in parallel with the load. The 
total resistance of these voltcye-divider resistors in parallel 
with the load resistance constitutes one part of the resist- 
cnce in the regulator series voltage-divider arrangement, 
which includes the variable cathode-to-plate resistance of 
series regulator tube V1. The currents which pass through 
tlie parallel branches (voltage-divider resistors and load re- 
sistance) combine, and this tetal current passes through 
series regulator tube V1. When the catnode-to-plate resist- 
ance of V1 is controlled to vary the voltage drop across this 
tube, the output voltage developed across the load can be 
regulated and maintained at a constant value. 

In order to understand how the dec regulator circuit 
operates under varyiny-load conditions, it is necessary 
to examine first the static voltage distribution under normal- 
load conditions. The cathode of series regulator tube V1 
is held positive with respect to ground by the output volt 
age, out, while the grid is held somewhat less positive 
by the acticn of the regulator-umplifier circuit. The differ 
ence between these two voltages is the bias voltage for V1, 
which is at the proper value for series regulator tube V1 te 
have the required amount of cathode-to-plate resistance to 
produce the correct output voltage. The output voltage is 
applied to reterence tube V4 throug: resistors R10 and Rll, 
causing V4 to lonize and conduct, thereby establishing a 
reference voltage at the cathode of pentode amplifier V3. 

In a like manner, gas tube VS also ionizes and conducts to 
produce ¢ constant voltaye drop in the voltage-divider 
circuit consisting of that tube as well as resistors R12, 
R13, and Bl4, (The action of the gas-filled reference 
tubes, V4 and VS, is the same as that previously described 
under Gas-Tube Regulator Circuit earlier in Section 5 of 
this Handbook.) Regardless of the value of the dec voltage 
applied to the input, Ein, of the regulator circuit, the volt- 
age at the cathode of V3 will be held constont (by the 
action of V4) for use as a reference voltage. Likewise, 
the voltage at the top of resistor R12 will be held constant 
by the action of gas tube V5. 

The input te the regulator-amplifier circuit, as determined 
by the setting of resistor R13, is opplied to the grid of 
pentode amplifier V3. The output signal of this stage, 
developed across piate-load resistor R9, is direct-coupled 
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to the grid of V28-the cathode follower input section of 
cathodecoupled differential amplitier V2. The cathode 
load impedance of cathode follower V2B is used as the 
cathode input impedance of triode amplifier V2A. Thus, 
the signal to the cothede follower is applied between the 
control grid and ground, while the output of this same stage 
is the input to the triode amplifier, and is applied between 
the cathode and ground. The grid voltage for the cathode 
follower is determined by the voltage drop across the 
pentode plate-load resistor, R9. The triode amplifier, V24, 
has a fixed voltage on its grid, obtained from the junction 
of voltage-divider resistors R6 and R7. The plate voltage 
of V2A is obtained from the unregulated input, Ein, through 
plate-load resistor Rl; the plate of V2B is returned direct 
ly to the regulator output. Thus, the operating potentials at 
tne electrodes of V2A and V28 are such that, under normal- 
load conditions, they permit a predetermined value of current 
to be drawn by V2 and develop an output signal across 
plate-load resistor Rl. 

The output signal of VZA developea across resistor BI 
is direct-coupled through resistors R2 and R3 to the grids 
of series regulator tube V1, This signal, then, acts to 
control the conduction through V1. That is, when differ- 
ential amplifier V2 is conducting, the voltage drop across 
V2A plate-load resistor Rl provides a voltage for the grids 
of series requiator tube V1; this voltage is less than either 
the plate or cathede voltage of V1. The difference in volt- 
age between the cathodes and grids of V1 is the operating 
bias for V1. Thus, the setting of resistor R13 determines 
the current through V3, which, in turn, determines the con- 
duction of V2, and thus the voltage drop across resistor 
1, which establishes the bias for V1. It is this bias level 
that initially determines the effective internal resistance 
of V1 to obtain the desired output voltage, Eout, from the 
regulator circuit. 

Assume, now, that the regulated output voltage, Eout, 
attempts to decrease, either because of a decrease in the 
input voltage to the regulator circuit or because of an in- 
crea.e in the luad current. Through the voltage-divider 
action of resistors R12, R13, and R14, « slightly lower posi- 
tive voltage now appears across F13 and R14. This results 
in a decrease in the positive voltage applied to the arid of 
pentuue ampiifier V3 and a corresponding increase ir. the 
bics voltage between the cathode and the grid of V3. (The 
cathode veltage of V3 remains constant because of the 
action of reference tube V4.) As a result of the increased 
bias, V3 now conducts less curreni, and this reduced 
current flow through plateload resistor R9 results in a 
smaller voltage drop across R9; thus, the voltage at the 
plate of V3 increases. Since the voltage at the plate of V3 
is also the grid voltage of cathode follower V2B, the bias 
on V2B now decreases. As c result of the decreased bias, 
V2B conducts more current, and this additional current flow 
through cathode-load resistor R8 results in a greater voltage 
drop across this resistor. The voltage at the cathode of V2, 
in going more positive, increases the bias on triode ampli- 
tier V2A, and thereby reduces conduction through this 
stage. The reduced plate current of V2A causes a smaller 
voltage drop across plate-load resistor Rl, which, in effect, 
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ELECTRONIC CIRCUITS NAVSHIPS 
the operating bias for V1 should be suspected. Voltage 
measurements should be made at the socket of V1 to deter- 
mine whether bics (cathode-to-arid) voltage is present. 
The series requlator tube, V1, may be checked by sub- 
stitution of a tube known to be good to determine whether 
the tube is defective (qrid-to-cathode short, etc). 

A visual check of the gas-filled regulator tubes, V4 and 
V5, which provide the reference voltages for the operation 
of pentode amplifier V3, should bemade to determine 
whether the tubes cre conducting. A voltage measurement 
made between the plate and cathode of V4 or V5 will deter- 
mine whether sufficient voltage is present at the tube to 
cause conduction. If the voltage is above normal, the tube 
may be defective; a tube known to be good may be substi- 
tuted to check for proper operation of the respective ref- 
erence-voltage circuit. If the voltagemeasured across V4 
is below normal, it is likely that resistor R10 or R11 isopen. 
A below-normal voltage measurement across V5 will in- 
dicate that resistor F12, R13, or R14 is probably open. 

A visual check of regulator-amplifier tubes V2 and V3 
should pe made to determine whether their filaments are lit; 
if the filaments are not lit, they may be open or the fila- 
ment voltage may not be applied. The tube filaments should 
be checked for continuity; also, the presence of filament 
voltage at the tube sockets should be determined by measure- 
ment. 

The bies voltages applied to V2 and V3 should be 
measured to determine whether these tubes are improperly 
biased, causing the cperating bias on V1 to decrease. 
Assuming that V4 ana VS are conducting normally to provide 
the proper reference voltages, if the voltage at the grid of 
V2A or V3 is below normal, there will be an increase in the 
bias on the respective tube. In this case it is possible that 
resistor R6 or R7 has changed in value to increase the bias 
of V2A, or that resistor R12, R13, or R14 has changed in 
value to increase the bias of V3; in addition, an improper 
setting of variable resistor R13 will affect the bias voltage 
at the grid of V3. If V2A or V3 is biased to cutoff, V1 
will bemade to conduct heavily as a result of the decreased 
operating bias. In this case, it is likely that resistor R6 
is open to cut off V2A, or that resistor R12 or the top portion 
of resistor R13 is open to cut off V3. 

A high output from the regulator will also result when 
the voltage at the grid of V2B is above normal, thereby 
causing a bias decrease on this stage. This condition will 
result when pentode amplifier V3 is in cutoff because of a 
floating control grid ot open cathode circuit. In the case of 
a floating control grid, it is likely that the bottom portion 
of resistor R13 or resistor R14 is open; and open cathode 
circuit of tube V3 will result if resistor R10 or R11 is open. 

If the differenticl amplifier tube, V2, has low emission, 
the voltage drop across V2A plate-load resistor Rl will be 
below nortnal; therefore, the bics of V1 will be decreased 
and a high output from the regulator will result. Under this 
condition, a tube known to be good should be substituted 
for V2 and the operation of the circuit observed to deter- 
mine whether tube V2 is the cause of the trouble. An 
open cathode resistor, R8, will produce the same etfects 
as a defective differential amplifier tube. 
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Low Output. The low-output condition of the regulator 
is usually caused by an increase in operating bias for the 
series regulator tube, V1, which, in turn, causes the tube 
to increase its internal resistance and permits the regulator 
output voltage to iall below normal. Therefore, any defects 
in the electronic regulator circuit which can cause an in- 
crease in the operating bias for V1 should be suspected, 
Trouble in one section of V1 (such as low cathode emission 
or an open tube element} will cause a reduction in the out- 
put. The tube may be checked by substitution of a tube 
known to te good to determine whether the tube is defective, 
Voltage measurements should be made at the socket of V1 
to determine whether the bias (cuthode-to-grid) voltage is 
excessive. The equalizing resistors, R4 and RS, in the 
cathode circuits of V1 should be measured to cetermine 
that neither one is open, that they have not increased in 
value, and that they are of equal resistance. 

A visual check of the gas-filled regulator tubes, V4 and 
VS, which provide the reference voltages for the operation 
of the pentode amplifier circuit, should be made to deter- 
mine that the tube is conducting. A voltage measurement 
made between the plate and cathode of V4, and also between 
the plate and cathode of V5, will determine whether 
sufficient voltage is present at the tube to cause conduction. 
If the voltage measured across V4 is below normal, or if 
no voltage is present, it is likely that capacitor Cl is 
either leaky or shorted. A below-normal voltage measurement 
across VS will indicate that capacitor C2 or C3 is probably 
either leaky or shorted. 

The bias voltages applied to V2 and V3 should be 
measured to determine whether these tubes are improperly ~ 
biased, causing the operating bias on V1 to increase. 
Assuming that V4 and V5 are conducting normally to pro- 
vide the reference voltages, if the voltage at the grid of 
V2A or V3 is above normal, there will be a decrease in the 
bias on the resprct!.e tube. In this case, it is possible 
that resistor R6 or K7 has changed in value to decrease the 
bias of V2A, or that resistor R12, R13, or R14 has changed 
in value to decrease the bias of V3; in addition, an improper 
setting of variable resistor R13 will affect the bias voltage 
at the grid of V3. If V2A or V3 is biesed by a high positive 
voltage on its grid so that either tube conducts heavily, 

V1 will be made to conduct less as a result of an increased 
operating bias. In thiscase, it is likely that capacitor C2 
is leaky or shorted, thus placing a high positive voltage 
on the grid of V3. A high positive voltage will be placed 
on the grid of V2A if resistor R7 is open. 

If plate-load resistor Rl (for differential amplifier V2) 
is open, the bias voltage applied to the grids of V1 will be 
made larger, causing a decrease in the regulator output. 
Also, ii tube V2 is shorted and conducting heavily, the 
voltaqe drop across plate-load resistor Rl will be excessive; 
therefore, a tube known to be good should be substituted 
ond the operation of the circuit observed to determine 
whether tube V2 is the cause of the trouble. If pentode 
amplifier tube V3 has high emission, the voltage drop across 
its plate-load resistor, R9, will be above normal; therefore, 
the bias of V2B will be increased, thus causing an in- 
crease in the bias of V1 and a decrease in the cutput of the 
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tegulator. A tube known to be good should be substituted 

for V3, and the operation of the circuit observed to deter- 

mine whether tube V3 is the cause of the trouble. If re 

sistor RQ isoper., the cathade follower (V2B) control grid 
roar 


will be floating; this will cause the cathode follower to 
cut off. Asc result, the regulator putput will decrease. 


As mentioned previ 
As mentionca prey 


cause the output voltage to be low, especially if the load 
current exceeds the maximum rating of series regulator 
tube V1 (resulting in excessive voltage drop across V1) 

or if the load current exceeds the rating of the power supply 
(resulting in a decrease in the applied voltage). For these 
teasons, output capacitor C4 sou d be checked tc deter- 
mine whether it is satisfactory. A leaky output Sapaetior 


duced outpat volte 36, 
C38 


could result in 
ulator-amplifier circuit (V2 and V3) may be eek ea 
normally but still be unable to compensate for the decrease 
in output, 

Poor Regulation Characteristics. Voltage instability, 
Slow response, etc, are ftequently caused by weak or un- 
balanced triode sections in series regulator tube V1, 
unbalanced cathode resistors R4 and RS, or defective 
regulator amplifier tubes V2 and V3. The gain of the req- 
ulator-amplifier stage is determined primarily by tubes V2 
and V3 and their applied voltages; therefore, the condition 
of V2 ond V3 and the applied voltages ore important factors 
governing satisfactory operation of the regulator circuit. 


ELECTROMAGNETIC REGULATORS. 


General. Electromagnetic requlaters are automatic 
devices which are magnetic rather than electronic or 
mechanical in nature. These regulators are of two basic 
types: the induction regulator, which employs a variable- 
inductor transformer, and the saturable-core-reactor regulator 
An application of the induction regulator is its use in am ae 
power regulator and distribution system wherein the 
unregulated power from the generating source is converted 
into ¢ form required by the electronic systems or equipment 
at a particular facility or installation, The saturabie-core- 
reactor regulator is used in such applications as the 
regulation of the a-c voltage input to an electronic equipment 
or the equipment’s power supply, or the regulation of the d-c 
voltage output from the power supply in a given electronic 
equipment. Each of the two typ 
gulatais will be discussed in the feilowing paugraphs. 


electromagnetic re- 


induction Regulater. An example of an induction 
tegulator used in an a-c regulation and distribution system 
is illustrated in tne accompanying block diaaram 


input power (in this case, three-phase, 60-cps ac} is 
applied through a transfer switch that quromatcally 


connects to an emergency pi 
source voltage between any phase and the neutral line 
falls below a predetermined level. When the normal source 
voltage returns to the proper level, the transf 
again connects to the normal source 


fer passing through the transier 


h, the input power 


er to.9 three 
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limit any short-circuit currents within the system to a pre- 
selected value of the regulator full-load current fer any one 
phase. The reactor opposes large, rapid changes of 

current until o circuit breaker trips and opens the circuit; in 


36,60 ry (NORMAL) 
TRANSFER pee 
| 


SWUICH! | “circuits 
bes 3,60 ry (EMERGENCY) 
Heh 34 oii et a 
CIRCUIT WL. 
BREAKER REACTOR CONTROL CIRCUITS| 
REGULATED 
A-C_ POWER 


TO EQUIPMENT 


| 
A-C Regulotion and Distribution System Using 
Induction Regulator 


this manner the system is protected and the effects of short 
circuits are localized. The output from the three-phase 
regctor is cpplied to the induction regulator and its associated 
control circuits. The regulcted a-c output is then fed through 
a circuit-breaker panel to the applicable equipment. 
Voltage und current meiers moniter the load voltages and 
curtents at the output of the induction regulator. 

A simplified diagram of a three-phase induction regulator 
and its control circuits is given in the accompanying 
tof this 
i eae is @ variable-inductor transformer which is split 
into a rotating section anda stationary section, The 
tutating section, ot rotor, for euch phase is connected 
seross the input line; hence, it is in parellel with the load 
(RL) for that phase. The atbtienary section, of stator, for 
each is connected in series with the input line; hence, 
it is in series with the toad tor that phase. A vartation in 
the output (load) voltage is obtained by rotsting the rotor 
inside the stator to change their {lux linkage in both 
maanitude and direction. Thus, depending upon their 
relative angular positions, the rotar induces in the stato 
or opposes the ine vaitage, Viner the 
age, ine load voltane iS greater 


hat is, the 1o@¢ voltage witl pe 


voliage that enner ale 
voitage aids tne rotor \ 
t voltage. 7 
maximum when both the ilux linkage between 1 rotor and 

stutor dnd the vertage: in in tay stator are maximum 
and th the rotar voltac 


(non ea 


stmcr voltage 


tux nk 


rotor dnd Stator and the voltage induced in tie 
stator will again be maximum, but the veltage indu n 

the stator will be cut of phase with the rotor aout Henge. 
chage 
ogo voltage 1s minimum. Fer reiauve angular 
of rotor md stator between the 


@ the stator 


noted 
ewill he gual 


i Sulidin cal les GaN CAGE. Ges 


5-A-29 


ELECTRONIC CIRCUITS NAVSHIPS 


VARIABLE - INDUCTOR 


TRANSFORMER FOR gi STATOR 


Ein {SEC} 


UNREGULATED) 


( 
$1 


no— 


0967-000-0720 VOLTAGE REGULATORS 


Eout 
(REGULATED) 


$i 
CONTROL 
CIRCUITS 


Ru 


STATOR 
(SEC) 


STATOR 
(SEC) 


$3 
CONTROL 
CIRCUITS 


‘4 
CONTROL 


R 
RCUITS La 


i 


$3 


Three-Phase Induction Regulator, 
Simplified Diagram 


The rotation of the rotor is accomplished by a reversible 
motor, which, in turn, is controlled by the action of two 
relays; this arrangement is illustrated schematically in the 
accompanying diagraz:. in ¢ typical aplication of on 
induction regulator, a variable-inductor transformer and 
its associated control circuits are placed in each phase 
line of the distribution system. In this case, however, only 
the control circuits for phase 1 will be analyzed; the phase 
2 and phase 3 control circuits are identical to those of 
phase 1, and thus will not be considered in this discussion. 
The output voltage of the selected-phase variable-inductor 
transformer is sensed by a voltage-regulating relay, K1, 
which Causes a motor-control relay, K2, to operate a 
reversible motor. The motor, Bl, drives the rotor of the 
applicable variable-inductor transformer in the direction 
necessary to compensate for the output-voltage variation. 

The sensing element of voltage-regulating relay K1 is 
an iron-core solenoid, which is suspended on a compensat- 
ing spting. (The solenoid core and compenseting spring 
are shown dotted in the illustration.) The solenoid current 
is made proportional to the output voltage by inserting 
limiting resistors Rl ond R2 in series with the solenoid 
coil. In this manner, the solenoid current is maintained 
constant for a given voltage, and yet it can still change 
with the voltage to be requlated. A holding coil is wound 


CHANGE 1 


in the opposite direction over the solenoid coil of K1; 

the holding coil, HC, is excited through the tapped sections 
of the K2 motor-control relay coils. The purpose of the 
holding coil is twoiold: to modify the ‘pull’ of the Kl 
solenoid, and to hold the contacts of K1 closed until the 
control motor has caused the variable-inductor transformer 

to correct the output voltage. When voltage-requiating te 
Jay K1 is in operation for a normal output voltage, the 

pull of its solencid, which varies with the current through 
the coil, and the tension of the compensating spring are 
balanced against the weight of the solenoid core. The 
solenoid core operates a set ot single-pole, double-throw 
contacts mounted on opposite ends of a pivoted beam and 
separated by equal distances from the stationary contacts; 
one normally open contact of the set closes when the 

output voltage increases, ond the other normally open contact 
of the set closes when the output voltage decreases, This 
action causes voltage-regulating relay K1] to operate 
motor-control relay K2, which, in turn, causes control motor 
Bl to tum and thus rotate the rotor of the variable-inductor 
transformer to correct the output voltage when this voltage 
is higher or lower than normal. In the accompanying diagr: 
the symbois (L} and (R) denote the components that 
produce the action necessary to “‘lower’’ and ‘‘raise’’ the 
output voltage, respectively. 


+A-30 


Ya. 


ELECTRONIC CIRCUITS NAVSHIPS 0967-000-0120 VOLTAGE REGULATORS 


E out 
REGULATED) 
ra} 
VARIABLE-INDUCTOR 
’ TRANSFORMER FOR STATOR 
Ean Na 4 ee! 
(UNREGULATED) hui 
¢ O————— 7 
ROTOR 
(PRI) 
N 
\ 
S NEUTRAL 
N N 


3 
a! HOLDING 
be le EFFECT 
NEOMRENSATING 
RI 
| | 
R2 VOLTAGE 
LEVEL 
i 
i 
{ 


NOTES” 
1 (R)-RAISE 
2(Li-LOWER 
BACH ROLDING COIL FOR Ki 
4 NO-NORMALLY OPEN CONTACT. 


| —- Ops 
[ 
‘\ | 
SI $2 | 
$3 2 
CONTROL AUTO- MAN MOTOR CONTROL MOTOR: itt 
POWER G pee 8 -CON POWER 
o { 
i 
vouTAGE ' 
recutarine [THE] CuTier] 
L 
! 
! 
i 
t 
' 
' 
t 


Induction Kegulator and Control 
Circuit for Phase I 


Consiéer, now, the operation of the induction regu- 


which will lower the 


marie 


contro: motor, controi-power switen Sl, motor-power switch: 
$2, and cuic-m L 


switch $4 must a. te teed 


es 
position. Since the output voltage is higher than normal, 
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pull and draws the solenoid core farther into the coil, thus 
telaxing the tension on the compensating spring. When 

the tension on this spring is relaxed sufficiently, the 
normally open contacts on the K] (L) section of the voltage- 
tegulating relay close. When this occurs, the ‘lower’ 

(L) coil of motor-control relay K2 energizes and closes the 
normally open (N.O.) contacts on the K2(L) section of this 
telay. Closing the K2(L) contacts of the motor-conitrol 
telay applies a voltage to the control motor, BI, thus 
energizing the motor and causing it to turn to the ‘lower!’ 
direction. The control motor is mechanically coupled to the 
rotor of the phase | variable-inductor transformer. Therefore, 
when the motor turns, it also tums the rotor of the variable 
inductor transformer in the direction which will cause less 
flux linkage between the rotor (primary) and the stator 
(secondary). As a result, there will be less voltage 
induced in the stator; that is, since the stator, or output, 
voltage varies with the flux linkage between the rotor and 
the stator, reducing the flux linkage causes a reduction in 
the output voltage. 

The control motor tums the cotor of the variable- 
inductor transformer until the output voltage again necomes 
normal, As this point is approached, the current through 
the solenoid coil of voltage-regulating relay K1 decreases, 
since this current is proportional to the output voltege. 
Thus, at the predetermined level of output voltage, 
sensed by the current through the coil of K], the weaker 
magnetic field resulting from the decreased current exerts 
a lesser pull on the solenoid core of K1, so that the weight 
of the core and the tension of the compensating spring are 
again in balance. When this occurs, the (K1(L) contects 
of the voltage-regulating relay open, thereby causing the 
‘lower!’ (L) coil of K2 to de-energize and, in tum, to open 
the K2(L) contacts of the motor-control relay, Opening 
the K2(L) contacts of the motor control relay removes the 
energizing voltuge from control motor Bl, and the motor 
stops turning. When the motor stops turning, the rotor of 
the veriable-inductor transtormer also stops turning, and 
remains stationary at the normal output-voltage level until 
a further variation from normal occurs. 

Assume that the output voltage of phase 1 now decreases 
below the predetermined level established by the setting 
of potentiometer R2. Since the output voltage is lower than 
normal, the control motor must tum the rotor of the variable 
inductor transformer in the direction which will raise the 
voltage; this is accomplished in the manner described 
below. The lower-than-normal output voltage of phase 1 
causes a decrease in the current through the solenoid coil 
of voltage-regulating relay K1, The weaker magnetic field 
resulting from the deceased current exerts a lesser pull 
on the solenoid core and thereby releases the core ftom 
the coil; the additional weight of the core now increases 
the tension on the compensating spring. ‘When the 
solenoid core is released sufficiently, its weight causes 
the normally open contacts on the K1{R) section of the 
voltage-regulating relay to close. When this occurs, the 
“raise! (R) coil of motor-control relay K2 energizes and 
closes the normally open (N.O.) contacts on the K2(r) 
section of this relay Closing the K2(R) contacts of the 
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motoi-control relay cpplies a voitage to the control motor, 
Bl, thus energizing the motor and causing it to tum in the 
“raise'' direction. The control motor is mechanically 
coupled to the rotor of the phase | variuble-inductor trans- 
former. Therefore, when the motor turns, it also tums the 
he direction 


totor of the variable-inductor transfermer in ¢ 
which will cause more flux linkage betsveen the rotor 
(primary) and the stator (secondary). As u result, there 

will be more voitage induced in the stator; that is, since 

the stator, or output, voltege varies with the flux linkage 
between the rotor and the stator, increasing the flux linkeye 
ccuses cn increase in the output voltage. 

The control motor tums the rotor of the varicble- 
inductor transformer until the output voltage again becomes 
normal. As this point is approached, the current through 
the sclenoid coi! of voltage-regulating relay K1 increases, 
since this current is proportional to the output voltage. 
Thus, at the predetermined level of output voltage, as sensed 
by the current through the coil of K1, the stronger magnetic 
field resulting from the increased current exerts a greater 
pull on the solenoid core of K1, so that the weight of the 
core and the tesnion of the compensating spring are again 
in balance. When this occurs, the K1{R) contacts of the 
voltage-regulating zelay open, thereby causing the “raise!” 
(R) coil of K2 to de-energize and, in tum, to open the K2(R) 
contacts of the motor-control relay. Opening the K2(R) con- 
tacts of the motor-control relay removes the energizing 
voltage from control motor Bl, and the motor stops turning. 
When the motor stops tutning, the rotor of the variuole- 
inductor transformer also stops turning, and remains 
stationary at the normal output-voltage level until a 
further variation from normal occurs. 

As previously explained, the voltageregulating com- 
ponent of the induction regulator is the variable-inductor 
transformer, cnd the voltage-sensing element is the 
voltage-regulating relay, Kl. The setting 0; voltage-levei 
potentiometer R2, which is in series with the coil of relay 
Kl, determines the desired normal-output-voltage level by 
establishing the initial magnitude of current to determine 
the amount of puil on the solenoid core of K1 required to 
just balance the tension of the compensating spring. Thus, 
the current through the coil of K1 will remain constent cs 
long as the output voltage is normal; when the output voltage 
changes (increases or decreases), the magnitude of the 
current will change proportionally and cause the induction 
regulator to compensate for the change in voltage. By 
establishing the magnitude of current through the holding 
cojl of relay K1, the setting of holding-effect potentiometer 
R3 determines the modified pull of the solenoid core and 
the length of time that the K1 contacts are held 
closed. In this manner, the holding coil helps the regulator 
control circuit to rapidly stop the rotor of the variable- 
inductor transformer when the output voltage reaches the 
predetermined normal level. The resistor-capacitor netwozks, 
R4-Cl and RS-C2, in the "lower’’ and 'raise’’ sections, 
respectively, of motor-control relay K2 cre used for arc 
suppression. Switches S4(L) and SS(R) are limiting switches 
in the lower!’ and “‘raise’’ power-input lines to the 
control motor; these switches cut off power to the control 
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motor and thereby prevent mechanical damage by preventing 
the motor from exceeding the desired maximum rotation 
in the respective directions. 

Saturable-Core-Reactor Regulator. An example of a 
saturable-core-reactor regulator used in the regulation of 
an a-c voltage is Sllusts rated in the accompanying simplified 


cater fTStOT 

is used tor regi sulate the a-c voltage applied to an electronic 
equipment or to the power supply within an equipment. 

The degree of saturation of the reactor core is controlled by 
a two-stage @-c amplifier, the bias of which is provided 

by a full-wave re: that receiv: 0: 
the regulated output. Before the discussion of the saturaple 


cororoactel romilares.!s conunubd ie srototiounahiehs 


operation of a saturable-core reactor will be presented. 


input voltage 
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Regulation of A-C Voltage with 
Saturable-Core Reactor 


A saturable-core reactor (o' 


edevice 


istic wherby a counter electromotive force 1s produced In 
a winding by a magnetic fi 
changes in current through the windin¢ 
‘ates in the iron core, and the 
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surrounding each turn of the winding expands and cuts the 
other tums. As a result, a voltage is induced in the 
winding; this voltage opposes the applied voltege and tends 
to keep the current in the wire at a low value, While the 
current through the winding is less than the saturation cur- 
tent, the opposition (inductive reactance) of the winding 


is high and permits little current ta ilow. When the cur- 

rent is increased to the point where the core is saturated, 

the reactance becomes zero because the rate of change of 
flux density is zero. Thus, when the core becomes saturated, 
an increase in current in the winding will no longer incr 
the flux density in the core, 
is zero, only she * 


at this 


{0} Tesist 


ue, the magnetic 
field begins to coliapse ond cut the tums S the wind- 
ing. Again a voltage is induced in the coil. This voltage 


winding is accreaeea fami @ maximum va 


rising current and the expanding magnetic field, 
Consequently, the voltage induced by the collapsing field 
tends to keep the current in the wire at a high value, even 
though it is decreasing toward zero. 

A practical saturabie reactor is different from on 
ordinary iron-core coil (just described) in that there are 
two windings associated with the core, as shown by 
tne SRL component in the accompanying figure. One 
of the windings is called the control winding, and the other 
is called the load winding. The control winding is in the 
olate circuit of the output stage of the two-stage a-c 
amplifier, and the load winding isin the input circuit of the 
G-c- voitage applied from the source, ce the variation 
an ampedance of the input circuit, cf wnicn the saturable 
reactor load winding is a part, can be used to regulate 
voltages in a manner similar to the us of the variatle 
resistance characteristic of an electron tube. 

The components in the circuit of the accompanying Ligure 

may be grouped into three sections: input, rectification, 
and sensing-control. The input a-c is applies across auto- 
tuansforme: Tl, which is in series with the load winding of 
saturable reactor SR, Capacitor ch whi 


forme 3.tuned circuit with 


load wind 


a 
capacitor Cl and the lead winding is tuned is slightly low- 
er than the Anbu line Saher that is, it is one the in- 


™, 1 f 
The resondat frequency to which the paruiled clr 


aitage Win be 
mabe ilar eanirable 


4 their impedance ratic. 


ne circuit operates in the manner described below. 

The unregulated u-c input voltage, Ein, is applied across 
autotransformer ‘li and the load winding of saturable reactor 
SR] connected in series. The cutotransformer feeds power 
transformer 72 Wallet is vies of a conventional full-wave 
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and R3; the voltage divider provides the kics voltage lor 
the input stage of the two-stage d-c amplifier. The bias 
voltage, as selected by the setting of variable :esistor 

R2, controls the conduction of the d-c amplifiers, and 
thereby controls the resultant current through the control 
winding of saturable reactor $R1. Adjustment of auto- 
transformer Tl and variable resistor R2, therefore, determines 
the value cf the desired a-c output voltage, Eout, to be 
regulated; any variations from the desired vclue of output 
voltage will be automatically compensated ror by the action 
of the regulating circuit. 

Assume, first, that there is an increase in the ac 
output voltage, Eout. The increased a-c voltage coupled 
to the secondary of power transformer T2 results in ¢ 
greater d-c voltage across the voltage divider in th output 
of the rectifier. Thus, c higher positive voltage is 
sensed at the wiper arm of variable resistor R2, thereby 
causing a decrease in the bias of the input d-c amplifier 
which, This decrease in bias causes an increase in the 
conduction of the input d-c amplifier which, in turn de- 
velops a bias on the output d-c amplifier 
and decreases the conduction of the output stage. As a 
result, the current through the control winding of saturable 
teactor SR1 is reduced, thereby decreasing the degree of 
saturation of the reactor core. The saturable reactor now 
presents a greater impedance to the a-c input voltage, thus 
permitting a greater voltage to be dropped across the reactor, 
and, consequently, lowering the voltage applied to auto- 
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circuitry of the d-c amplifiers may vary in the regulator 
circuit, the purpose of this section is always to sense 

the variation in the voltage coupled to the rectifier, and 
then to control the degree of core saturation of the satura- 
ble reactor to compensate for the variation in voltage. 

With slight modifications the saturable-core reactor 
regulator circuit just described can be used for regulating 
the d-c voltage output of an equipment’s power supply; 
such a modified circuit is illustrated in the accompanying 
figure. Note that the fuliwave rectifier of the previous 
circuit is omitted, and the output of the power supply is 
used in its place to fumish the bias voltage for the input 
powered supply controls the a-c input voltage to the 
power supply, to provide regulation. Otherwise, the circuit 
function and operation in all respects are the same as 
described previously under this heading. 


POWER SUPPLY 
AND FILTER 


| 


if E Eout 
transformer Tl. With less voltage coupled from the auto- CuneRtateD Re (REGULATED 
transformer, the output voltage decreases; thus, the a-c —A-€ INPUT) A-C OUTPUT) 


output voltage is retumed to the value desired initially. 
Consider, now, the cnalysis of the circuit operation for 
the condition of a decrease in the a-c output voltage, 
Eout. The decreased a-c voltage coupied to the secondary 
of power transformer T2 results in ¢ lower d-c voltage 
across the voltage divider in the output of the rectifier. 
Thus, a lower positive voltage is sensed at the wiper arm 
of variable resistor R2, thereby causing an increase in the 
bias of the input d-c amplifier, This increase in bios 
cause a decrease in the conduction of the input d-c amplifier, 
which, in turn, decreases the bias on the output d-c ampli- 
fier and increases the conduction of the output stage. As 
a result, the current through the control winding of 
saturable reactor SRI is increased, thereby increasing 
the degree of saturation of the reactor core. The saturable 
teactor now presents a Jower impedance to the a-c input 
voltage, thus permitting less voltage to be dropped across 
the reactor, and. consequently, raising the voltage applied 
to autotransformer Tl. With a greater voltage coupled 
from the autotransiormer, the output voltage increases; 
thus, the a-c output voltage is returned to the value desired 
initially, 
The circuit will also compensate for voriations in 
the unregulated a-c input voltage, Ein. For an increase 
in the input voltage, the circuit operation is the same as 
previously described for an increase in the output voltage; 
also, for a decrease in the input voltage, the circuit 
operation is the same as previously described for a decrease 
in the output voltage. Although the configuration of the 
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PART B. SEMICONDUCTOR CIRCUITS 


SEMICONDUCTOR REGULATORS 

General. The semiconductor voltage regulator performs 
the same function in a power supply circuit as the electron 
tube-type regulator. In the place of tubes, solid state 
devices are utilized to accomplish requlation. In a manner 
similar to the electron-tube-type, the semiconductor circuit 
teacts automatically to compensate for changes in the in- 
Put voltage and load current and provide a constant output 
voltage to the load. 

Although a variety of circuit arrangements are possible 
for semiconductor voltage regulators, they are generally of 
two basic types: the shunt tyne and series type. Qnera- 
tion of the shunt-type is similar to that of the electron-tube 
gaseous-type voltage regulator. It is commonly used where 
input voltage variations are small and the load remains 
telatively constant. Most applications require the series- 
type regulator. The series type is a more efficient requ- 
lator and is used in power-supply applications where the 
load resistance and input voltage are large. Variations of 
the basic series-type semiconductor regulator include the 
constant-current regulator and the switching regulator. 
Where a constant current rather than a constant voltage is 
the primary requirement, the series current regulator is 
employed. Typical switching-type regulators include the 
silicon-controlled-rectifier regulator, the transistor-phased- 
tectifier regulator, and the transistor-chopper regulator. 
ity is required, and the input voltage 
and load current are subject to excessive variation, a regu- 
lator-amplifier circuit is employed in the shunt- and series- 
type regulators. Essentially, the regulator-amplifier circuit 
in semiconductor regulators is a high-gain, direct-coupled 
amplifier having low noise and good stability character- 
istics. In direct-coupled amplifiers using semiconductors, 
drift caused by temperature changes during operation is 
always a design problem; therefore, a regulator-amplifier 
circuit using semiconductors is always a more complex cir- 
cuit than is its electron-tube equivalent. Moreover, the 
voltage stability of the semiconductor reference-voltage cir- 
cuit with respect to temperature changes is another im- 
portant design consideration. As a result of these and 
other design problems, it is necessary to provide temper- 
ature compensation at critical points throughout the circuit 
in order to obtain the best possibie overall performance 
characteristics for the semiconductor requlat i 

Shunt-Type Regulator. The stiurit-type regulator, while 
one of the simplest semiconductor regulators, is usually 
the least efficient. It may pe used to provide 2 requlated 
output where the load is relatively constant, the voltage 
low to medium, and the output current high. The shunt regu- 
jator utilizes the voltage-divider principle to obtain regu- 
lation of the output voltage. 

The accompanying illustration shows the shunt-type 
regulator reduced to its fundamental form. The fixed resis- 
tor, Rg, is in series with the parallel combination of the 
load ce, Ri, and the variable resistor, Ry, and f 


ider across the input circuit. 
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Simple Shont-Type Yoltage-Regulator Circvit 


A brief operational description of the basic shunt-type 
regulator will serve to expiain the manner i 
lation of the output voltage is achieved. 

All current that flows in the complete circuit passes 
through the series resistance, Rs. The magnitude of this 
current, ard tus the valve of the voltage drop across Reg, is 
controlled by «criable resistance Ry. The voltage across 
Rs is equa: ': the difference between the larger voltage of 
the d-c sourc: and the output voltage across load resistance 
Ri. The difference voltage across Rs is varied by action 
of resistance Ry, as required, to compensate for circuit 
changes and maintain the output voltage to the load con- 
stant ot the desired value. 

If the input voltage to the regulator circuit decreases, 
the voltage across load resistance Ry, and the variable 
resistance, Ry, tends to decrease. To counteract this de- 
crease, the resistance of Ry is increased; this reduces the 
total current flow through Rs and thereby the voltage drop 
across it. Thus, by decreasing the difference voltage of 
Rs to compensate for the decrease in the input voltage, the 
output voltage remains constant at its nominal value. Con- 
versely, if the input voltage increases, the voltage across 
Rx and Ry tends to increase. To counteract the increase, 
the resistance of Ry is decreased; this results in more cur- 
rent through Rs and thus an increase in the voltage drop 
across it. The increase in the difference voltage compen- 
sates for the increase in the input voltage, and again, the 
output voltage remains constant at the regulated value. 

The shunt regulator must be capable of withstanding 
the entire output voltage of the d-c source; however, it does 
not have to carry the full load current unless it is required 
to regulate from the no-load to the full-load condition. 

Sinee series drop resistor Rs, used with the shunt regu- 
lator, has relctiys's righ power dissipation, the over-all 
efficiency of this 1: pe of requlator may be less than that of 
other types. Ose a wantage of the shunt-type regulator is 
the inherent overi.1 and short-circuit protection offered. 
This is because |: series resistance, Rs, is between the 


a-c source and the 


fegue 


metely decreases the output voltage drom the regulator cir- 
cuit. Note that under no-load conditions, however, the 
shunt regulating device must dissipate the full output; 


therefore, the s! 


type reguictor is most often used in 


constant-ioad applications. 
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From the general discussion given in the preceding 
paragraphs, it can be seen that the shunt-type voltage regu- 
latot is essentially a voltage-divider cireuit, with the out- 
put voltage produced across the load being held essentially 
constant, regardless of input voltage or load current varia- 
tions. The control action required to vary the resistance of 
Ry, and, consequently, to produce a variable-voltage drop, 

is completely automatic. This basic principle of voltage 
regulation is used in the transistorized, shunt-type voltage 
tegulators to be described later in this section of the hand- 
book. 

Series-Type Regulator. The series-type regulator, as 
the name implies, places the regulating device in series 
with the load; regulation occurs as the result of varying the 
voltage drop across the series device. The series regulator 
is preferable for high-voltage and medium-output-current 
applications where the load may be subject to considerable 
variation. Most critical semiconductor applications requir- 
ing a regulated voltage source utilize the series-type regu- 
lator; as a result, there are many regulator circuit configura- 
tions. These circuit configurations vary from one applica- 
tion to another, depending upon the regulation required to 
be maintained over a given temperature range. The series- 
type regulator employs a regulator-amplifier circuit which 
has the same basic function as the regulator-amplifier cir- 
cuit in the electron-tube regulator. 

The series-type regulator can be compared to a variable 
resistance in series with the d-c source and the load, thus 
forming a voltage divider; the variableresistance action of 
the series regulating device maintains the output voltage 
across the load resistance at a constant value, 

A simple series-type voltage-regulator circuit is shown 
in the accompanying illustration to help explain this 
principle of voltage regulation. 
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REGULATING 
UNREGULATED DEVICE REGULATED 
INPUT RLS output 
(FROM 0-C 
SOURCE) 
-O= tae 


Simple Series-Type Yoltage-Regulator Circuit 


The variable resistor, Rs, is in series with the load 
resistance, Ri} thus, the two resistances in series form 
a voltage divider across the input voltage. The load cur- 
rent passes through Ks, and causes a voltage drop to occur 
across it. The voltage drop across Rs depends upon the 
value of resistance of Rg and the load current through it. 
Since the input voltage to the regulator circuit is always 
greater than the desired output voltage, the voltage drop 
across series resistor Rg is varied to obtain the desired 
value of output voltage across load resistance Ri. 
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If the input voltage to the requlator circuit decreases, 
the voltage across load resistance Rx, and variable resis- 
tor Rg also decreases; to counteract this voltage decrease, 
the resistance of variable resistor Rg is decreased so 
that ¢ smaNer voltage drop occurs actoss Re, and the volt- 
age across the load resistance retums to its former value. 
Conversely if the input voltage to the regulator circuit in- 
creases, the voltage across load resistance Rx also in- 
creases; to counteract this voltage increase, the resistance 
of Rgis increased so thet a larger voltage drop occurs 
across Rs, and the voltage across the load retums to its 
former value. 

In a practical transistorized seties-type regulator, the 
series regulating device must be capable of carrying the 
full-load current of the regulator. Regulation is performed 
by sampling the output voltage taken from a voltage divider 
and comparing this sample voltage with a reference voltage; 
any deviation from the desired output voltage when compared 
with the reference voltage represents an error voltage, 
which is amplified and used to control the series device. 

It is interesting to note that a simple shunt-type regulator, 
using a breakdown (Zener) diode, is frequently employed as 
the reference-voltage source of as a preregulator in more 
complex series-type regulators. 

From the general discussion given in the preceding 
paragraphs, it can be seen that the series-type (as well as 
the shunt-type) voltage regulator is essentially a voltage- 
divider circuit, with the output voltage produced across the 
load being held essentially constant, regardless of input 
voltage or load current variations. The control action re- 
quired to vary the series regulating device, and, consequent- 
ly, to produce a corresponding variable-voltage drop, is 
completely automatic. This basic principle of voltage regu- 
lation is used in the transistorized, series-type voltage 
tegulators to be described later in this section of the hand- 
book. 


BREAKDOWN DIODE SHUNT-TYPE REGULATOR. 


APPLICATION. 

The breakdown-diode shunt-type regulator is used as a 
voltage regulator where the load is relatively constant. 
This circuit is frequently used in more complex regulator 
circuits as a reference-voltage source and as a prerequlator 
in tronsistorized series-type regulators. 


CHARACTERISTICS. 

Uses a breakdown, or Zener, diode as shunt regulating 
device. 

Regulated output voltage to load is nearly constant, 
even though changes in input voltage or changes in load 
current occur. 

Voltage-divider principle employed, using fixed resist- 
ance and breakdown diode in series; regulated load is taken 
from across diode. 

Variation in basic circuit permits positive or negative 
voltages to be regulated. 


CIRCUIT ANALYSIS. 
General, The breakdown-diode regulator is the simplest 
form of shunt-type regulator. The regulator circuit consists 
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of a fixed resistor in series with a breakdewn, or Zener, 
diode. The regulated output voltage is developed across 
the diode; therefore, the load is connected acrass the diode. 
The regulator circuit develops a definite output voltage 
which is dependent upon the characteristics of the particular 
breakdown diode; breakdown diodes are presently available 
with voltage ratings between 2 and 20 volts, inS, 10, und 
20-percent tolerances, and with power dissipation ratings 
as high as 50 watts. 

The breakdown, or Zener, diode is a PN junction which 
has been modified during its manufacture to produce a spec- 
ific breakdown voltage level; it operates with a relatively 
close voltage tolerance over a considerable range of re- 
verse current. The breakdown diode is subject to a vario- 
tion in resistance with change in temperature of the diode: 
a circuit which compensates for this change in resistance 
is discussed later. The basic theory for the breakdown 
diode is discussed in Section 3, General Information on 
Semiconductor Circuits. 

Circuit Operation. In the accompanying citcuit sche 
matics, parts A and B illustrate a breakdown diode used in 
a basic voltage-regulator circuit. The two parts are ident- 
ical in configuration to the electron-tube, gaseous-type volt- 
age regulators discussed earlier in this section of the hand- 
book. Resistor Rl is the series resistor; semiconductor 
VRi is a breakdown, or Zener, diode. The circuit in part 
A provides regulation of a positive input voltage, while the 
circuit in part B provides regulation of a negative input 
voltage. 


The design of the breakdo 


from that of the gas-tube regulator circuit in that no ‘’fir- 
ing’’, or ‘ionizing’, potential must be considered when the 
value of the series resistance is determined. It is likely 


that both the input voltage and the load current for the regu- 
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lator will be subject to variation; therefore, the breakdown- 
diode regulator is designed to operate within the extremes 
to be encountered. The series resistor, Rl, needs only to 
stabilize the load; it compensates for ony diff erence Jie 
tween the diode operating voltage and the un 
put voltage. The value of the series resistor : Dee upon 
the combined currents of the breakdown diode ond the load. 
The series resistor is generally chosen with the follo 
factors in mind: the minimum value of input voltage (un- 
regulated}, the maximum value of load current, the minimum 
value of breakdown-diode current, and, knowing the diode 
characteristics, the value of the highest voltage to be 
developed across the breakdown diode and its parallel load 
resistance, Once the value of series tesistor R] is deter- 
ed, the maximum power dissipation in the diude cun Le 
arrived at by considering the maximum value of input volt~ 
age (unregulated), the minimum value of load current, and 
um value of voltage developed across the diode 


the mir 


a a we ue of series resistance established fu: mals 


In order te obtain stable operation, the breakdown diode 
must be operated so that its reverse current falls within 
its minimum and maximum ratings for the specified voltage. 
It is important to rote that under no-load conditions, the 
breakdown diode must dissipate the full output power; there- 
fore, this regulator circuit is never used in applications 
where a no-load condition is likely to exist. Instead, the 
breakdown-diode regulator is most often used in applica- 
tions where the output voltage is fixed and the load current 
is relatively constant. 

If the input voltage to the requlator circuit decreases, 
the voltage decrease appeats across the breakdown diode, 
VRI, and immediately the current through the diode de- 
cteases; thus, the total current through series Al 
decreases, and the voltage drop across Rl decreases pr 
portionately, so that for all practical purposes the output 
voltage across the load resistance (and breakdown diode) 
iemains thesame. Conversely, if the input vellaye = 
regulator circuit increases, the voltage increase appears 
across the breakdown diode, and immediately the current 
total enrent through 
sé eres tesistor RI increases, , and ‘th voltage drop across 
2 
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noses the output Slee across the Inad resistance (and 
diode) remains the same. 


Tf the current drown by th 


instead, a cortespor ding increas: 
breakdown diode occurs ani 


source remains constant, so that the output voltage across 


the load resistance (and diode} remains constant. Converse- 


+ kthe 


ent drawn 


: he load rasistance increnses, 
the total current drawn from the input source does not 
change; instead, a corresponding decrease in current through 
the breakdown diode occurs and the current drawn from the 
source femains constant, so that the voltage across the 
load resistance (and diode! ramains onnstant. 

Environmental temperature extremes, as well as junc- 
ton temperature changes, may result in variations of the in- 
e breakdown diode, which, in turn, 


sits in changes of the output voltage. 


Thus, in practical 
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variation of the impedance of the breakdown diode. The 
temperature coefficient of resistance of the breakdown 
diode is normally several times larger than the negative 
temperature coefficient of resistance of either the forward- 
biased or reversed-biased junction diode. To obtain a zero 
coefficient of resistance over a wide range of temperatures, 
one commonly used method of temperature compensation uses 
negative-temperature devices, such as forward-biased dio- 
des or thermistors, in series with the breakdown diode. 
This method is illustrated in the accompanying diagram. 
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Temperature-Compensated Voltage-Regulator Circuits 


The negative temperature coefficient of resistance of 
diodes CR2 and CR3 in series equals the positive temper- 
ature coefficient of resistance of the breakdown diode, VR1- 
By using forward biasing for diodes CR2 and CR3, the volt- 
age drop acrass them will be kept to a minimum and, con- 
sequently, will have negligible effect on the value of the 
output voltage. 

When the voltage-requlator circuit is temperature-com- 
pensated as described above, the total resistance of VRI, 
CR2, and CR3, in series, remains constant over a wide 
tange of temperatures; the end result is a constant voltage 
output, even though temperature, applied input voltage, or 
load current may change during operation. 

Silicon breakdown diodes are generally used as the 
teference-voltage source in the more complex transistorized 
regulators because the breakdown voltage of a silicon 
breakdown diode is relatively constant over a wide range 
of reverse current. 


FAILURE ANALYSIS, 

General, The shunt-type voltage-regulator circuit should 
never be operated without a load, since the no-load condi- 
tion causes the breakdown diode to conduct heavily and it 
must dissipate power which is normally dissipated by the 
load resistance. In this case, if the maximum power dis-~ 
sipation or maximum reverse current rating of the break- 
down diode is exceeded for any length of time, the diode 
may be damaged; thus, breakdown diode VR1 may be sus- 
pected as a possible source of trouble. Therefore, the load 
circuit should be carefully checked to determine that a load 
is presented to the regulator circuit at all times. It is also 
necessary to make d-c voltage measurements at the input 
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terminals of the regulator circuit to determine whether volt- 
age is applied and whether it is within tolerance. 

The operation of the shunt-type regulator is based upon 
the voltage-divider principle; therefore, voltage measure- 
ments made across the output terminals of the regulator cir- 
cuit and across series resistor R1 (observing correct volt- 
meter polarity) are necessary to determine whether the out- 
put voltage is within tolerance and whether the drop across 
series resistor Rl is excessive. If the load is shorted, 
there will be no output from the regulator circuit, and the 
full output voltage will be measured across seties resistor 
Rl. Also, if series resistor Rl should become open, there 
will be no output from the circuit, and the full output voltage 
will be measured actoss the resistor. The value of series 
tesistor Rl can be checked by ohmmeter measurement to 
determine whether any change in resistance has occurred; 
disconnect one terminal of Ri from the circuit when making 
the measurement. 

If breakdown diode VR1, or diode CR2 or CR3, should 
become open, the output voltage will be higher than normal; 
if breakdown diode VR} should fail and become shorted, 
the voltage will be lower than normal, and diodes CR2 and 
CR3 will become overloaded. If diodes CR2 and CR3 
should fail and become shorted, the output voltage will be 
subject to changes with temperature variations, since the 
temperature coefficient of resistance for the series diode 
combination will be changed. In general, if the output volt- 
age is above normal, this is an indication that either an 
open circuit or an increase in impedance has occurred in 
the shunt elements VR1, CR2, and CR3) or in the load of 
the regulator circuit. If the output voltage is below normal, 
this indicates that either series resistor Rl has increased 
in value, the input voltage is below normal, or the load cur- 
tent is excessive because of o decrease in load resistance 
{excessive leakage or shorted components in the load cir- 
cuit). 
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PART C. ELECTROMECHANICAL CIRCUITS 


ELECTROMECHANICAL REGULATORS. 

General. Electromechanical regulators are automatic 
devices which are mechanical rather than electronic in 
nature and affect the power source itself; these regulators 
hold the output of a d-c generator, a-c generator {alter- 
nator), or other source of ptimary power at a predetermined 
value, or vary the output according to a predetermined plan. 
Because the power source always has some internal resist- 
ance or reactance, the output voltage changes when the 
load is varied; the amount of output-voltage variation de- 
pends upon the design of the d-c or a-c generator. Tn the 
case of sn ee g notar), the power factor of 
the load also influences the amount of variation. Under 
conditions of varying load, some form of voltage regulation 
is necessary to maintain the output voltage telatively con- 
stant; thus, the primary purpose of the requlator is to auto- 
matically compensate for any changes in output voltage, 

Etectromechanical voltage regulators control the genera- 
tor or alternator output by controlling the current flow 
through the field (or exciter) winding of the machine. In 
most cases, control is accomplished by changing the resist~ 
ance of the field circuit, which controls the field current, 
thus controlling the output voltage. 

The operation of a typical regulation system can be 
briefly explained as follows: a drop in output voltage 
sensed by the regulator causes the regulator to increase 
the field current, and an increase in field current causes a 
corresponding increase in output voltage to compensate for 
the original drop in output voltage. 

If the output voltage should rise, the regulator decreases 
the field current, causing a corresponding decrease in out- 
put voltage to compensate for the original rise in voltage. 
Thus, the regulator senses a change in output voltage and 
compensates for this change by altering the field current 
accordingly. The major difference between voltage-regu- 
lator systems, concerns the method used to control the field 
current. 

The accompanying illustration shows a simplified cir- 
cuit for controlling the output of a generator. 
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Simplified Circuit for Control of Generator Output 
In this simplified circuit, voriable rest 
nected in series with the shunt field circuit of the genera- 
tor. The purpose of this resistor is to control the current 
flow through the fleld winding and thus affect the strenath 
magnet ¥ 
netic flux is either increased or decreased, the output voit- 
age is either raised or lowered.} Ii the resistance of Ry is 


hefield, {As the mag- 
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increased, less current flows through the shunt field, the 
magnetic flux developed by the field winding is decreased, 
and the voltage output developed across load resistance 
Ri is decreased, Conversely, if the resistance of Ry is 
decreased, more current flows through the shunt field, the 
magnetic flux developed by the field winding is increased, 
and the voitage output develuped ucioss load te: 
is increased. This principle of output-voltage controi was 
briefly described in connection with rotating electromech- 
anical power sources (generator and inverter), discussed in 
Section 4, Part C, of this handbook. 

There are three common types of electromechanical 
requlators in general use: the vibrating-contact regulator, 
the carbon-pile regulator, and the multitapped resistor regu- 


lator using a fingertype contacter or ©. 


device. A brief description of the construction, operation, 
and application of the three types of voltage teyu. 
qiven in the paragraphs which follow. 
Vibrating-Contact Regulator. The vibrating-coniuct 
regulator is commonly used to control the output of baiiery- 
charging generators in automotive, small-boat, and some air- 
craft applications where the speed of generctcr rotation 
varies with engine speed. The vibrating-contact regulator 
operates on the principle that an intermittent short circuit 
applied across a resistor which is in series with the stunt 
field winding causes the output voltage of the generator to 
fluctuate within narrow voltage limits; such a regulator will 
maintain an average value of output voltage which is in- 
ng illustration 
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Simplified Circuit for Yibrating-Contact Regs 


In this simplified circuit, a vibrating-contact 
is used as 4 voltage regulate. Aesisiur fai 
dropping resistor in series with a solenoid, celie tne 
petentiat coli, wri 
ies W 
value of resistor R2 is chosen so that if the vibrating con- 
tacts of the relay were not in the circuit (held open), the 
value of output voltage would be approximately 60 percent 
of the desired value of output 
is running at normal speed. 1 
held cinsed, resistor AZ is slot 
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can be seen that in actual practice when the contacts open 
and close rapidly to intermittently short out resistor R2, 
the output voltage will reach a value which is greater than 
60 percent of the desired value and less than the maximum 
value. For example, when the output voltage of the genera- 
tor rises ahove a critical value, the voltage developed 
across the potential coil of the relay develops sufficient 
magnetic flux to attract the armature (or teed}, and con- 
tacts 1 and 2 of the relay momentarily open to place resis- 
tor R2 in series with the shunt field winding. Thus, the 
current through the field is momentarily reduced and the 
output voltage of the generator is also momentarily reduced. 
Then, when the output voltage of the generator drops below 
a ctitical value (after the opening of contacts | and 2}, the 
voltage developed across the potential coil decreases so 
that there is no longer sufficient magnetic flux to attract 
the armature, and contacts 1 and 2 of the relay close to 
short out resistor R2. Thus, the current through the field 
winding is maximum and the output voltage of the generator 
is momentarily increased. 

The cycle described above is repeated when the po- 
tential coil again develops sufficient magnetic flux to at- 
tract the armature and open thecontacts of the relay; the 
action described is rapid, and continues at a rate of ap- 
proximately 60 to 240 times a second, so that an average 
voltage is maintained regardless of changes in load. If the 
load is increased and the output voltage tends to fall, the 
momentary voltage decrease is reflected by a decrease in 
voltage applied to the potential coil; thus, the armature vi- 
brates more slowly, permitting an increased average current 
flow in the field winding. As a result, the output voltage 
is returned to the normal value. On the other hand, if the 
load is decreased and the output voltage tends to rise, the 
momentary voltage increase, when reflected to the poten- 
tial coil, causes the armature to vibrate more rapidly and 
thus dectease theaverage current flow in the field winding. 
As a result, theoutput voltage is returned to the normal 
value, 

In a practical application of this type of regulation, 
means must be provided for adjusting the regulator to ob- 
tain the desired value of output voltage. This is accomp- 
lished by one or both of the following methods: resistor 
RI or resistor R2 is made adjustable to change the value of 
resistance in the circuit, or the armature (reed) tension is 
made adjustable to change the amount of magnetic flux re- 
quired to attract the armature to the solenoid. 

The vibrating-contact regulator is sometimes used to 
control the output of a multiphase a-c generator (alternator). 
When this is the case, the potential coil receives its opera- 
ting current from a rectifier connected to one phase of the 
a-c output, and the regulation action is the same as that 
described for the d-c generator. 

From the brief discussion given here, it can be seen 
that the vibrating-contact regulator acts as an automatic 
variable resistance in the field circuit of the generator, to 
hold the output voltage at a steady value for any change in 
load which occurs within the no-load to full-load operating 
conditions of the generator. 

Carbon-Pile Regulator. The carbon-pile regulator is 
commonly used to control the output of generators, alter- 
nators, and inverters used in automotive, shipboard, and air- 
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craft applications. The carbon-pile regulator operates on 
the principle of a variable resistance (in the form of a stack 
of carbon disks) in series with the shunt field winding, to 
control the current through the fieldand thus the output 
voltage of the generator. The accompanying illustration 


shows a simplified circuit for a carbon-pile regulator. 
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Simplified Circuit for Carbon-Pile Regulator 


In this simplified circuit, resistor Rl is a voltage- 
dropping resistor in series with a solenoid (electromagnet), 
called the potential coil; the resistor determines the cur- 
rent flow through the solenoid, and thus affects the mag- 
netic flux developed by the solenoid. A resistance in the 
form of a stack of carbon disks, called the pile, is placed 
in series with the shunt field winding, to act as o variable 
resistance which can be controlled automatically. The re 
sistance of the carbon pile depends upon the mechanical 
pressure applied to the pile by a spring which presses a 
movable iron armature against the end of the pile. The 
greater the mechanical pressure applied to compress the 
carbon disks, the smaller will be the resistance of the pile; 
if the mechanical pressure is decreased, the resistance of 
the pile increases. A change in mechanical pressure is 
accomplished by placement of the solenoid in proximity to 
the iron armature so that the magnetic flux developed by 
the solenoid acts to pull (attract) the iron armature away 
from the carbon pile. In a steady-state condition, the mag- 
netic force attracting the iron armature is opposed by the 
mechanical force of the spring against the iron armature. 

For example, assume that the output voltage of the 
generator rises above a critical value, The voltage de- 
veloped across the potential coil increases to develop a 
stronger magnetic field. Thus, the potential coil offers 
greater attraction to the iron armature and relieves the 
mechanical pressure exerted on the carbon disks; as a re 
sult, the resistance of the pile increases, the current 
through the shunt field winding decreases, and the output 
voltage returns to its former value. Conversely, when the 
output voltage falls below a critical value, the voltage 
developed across the potential coil decreases, and the 
strength of the magnetic field developed by the potential 
coil also decreases. Thus, the potential coi! offers less 
attraction to the iron armature, and the spring places a 
greater mechanical pressure on the carbon disks; as a re- 
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sult, the resistance of the pile decteases, the current 
through the shunt field winding increases, and the output 
voltage returns to its former value. 

The operation of the carbon-pile regulator may be brief- 
ly summarized as follows: when the output voltage rises, 
the spring pressure applied to the carbon pile decreases, 
causing an increase in pile resistance and o decrease in 
shunt field current; when the output voltage falls, the 
spring pressure applied to the carbon pile increases, caus- 
ing decrease in pile resistance and an increase in shunt 
field current. The resultant decrease or increase in shunt 
field current lowers or raises the generator output, accord- 
ingly. 

Tn m practical application of this type of requlator, 
Means must be provided to adjust the regulator in wides io 
obtain the desired value of output voltage. This is nor- 
mally accomplished by an initial adjustment of the mech- 
anical spring pressure (with resistor 21 set at mid-range), 
to obtain a steady-state condition whereby the magnetic 
force and the mechanical force are in balance; minor varia- 
tions in voltage characteristics during normal operation are 
compensated for by an adjustment of resistor Rl, which 
controls the current through the potential coil, to set the 
generator output voltage to the desired value. 

The discussion in the preceding paragraphs has been 
primarily concerned with the operation of the carbon-pile 
regulator in conjunction with a d-c generator; however, this 
type of regulator can be used equally well in on a-c gen- 
erating system. In practice, the output voltage of a multi- 
phase a-c generator (alternator) is controlled by varying 
the d-c excitation current applied to the field winding of 
the machine. In this case, the carbon-pile regulator ob- 
tains a d-c voltage for operation of the potential coil from 
a rectifier which is connected to one phase of the a-c out- 
put, and the regulation action is the same as that describ- 
ed for the d-c generator. 

From the brief discussion given here, it can be seen 
that the carbon-pile requlator acts as an automatic variabl 
tesistance in the field circuit of a d-c generator or in the 
field (exciter) circuit of an a-c generator (alternator), to 
hold the output voltage at a specified value of voltage re- 
gardless of changes in load. 

Multitapped-Resistor Regulator, The multitapped-re- 
sistor regulator is commonly used to control the output of 


shore-based applications. t 
lator operates on the See of a stepped, variable re- 
sistance connected in series with the generator field wins- 
ing to control the current through the field, and thus the 
cutput of the generator. Rasicaily, the muititaoped-resistor 
regulator consists of a single multitapped resistor (or sev- 
etai resistors connected in series), the terminals of which 
are either selected or shorted out autometically to obtain 

the desired resistance value. The name given to a particular 
regulator configuration {gs derived frnm the manner in which 
the over-all series resistance is determined. For example, 
the name finger-type regulator, ttited-plate requiator, or 
rocking-disk Pogues Ch) merely signifies the electromechuni- 
coi method used to achieve physical ¢: 
and thus ootain a variabie-resistance ucuiua wiuii. tie 
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tegulating device. The accompanying illustration shows a 
simplified circuit for a typical multitapped-resistor regulator. 

In this simplified circuit, resistor Ri is a voltage-drop- 
ping resistor in series with a solenoid, called the potential 
coil; the resistor determines the current flow through the 
solenoid, and thus affects the magnetic flux developed by 
the solenoid. Resistur R2 is the series resister in the 
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Simplified Circuit for Multitapped-Resistor Regulator 


shunt-field circuit; R2 is a multitapped resistor, with the 
taps on the resistor connected to leaf springs {fingers} 
which are insulated from each other and are stacked one 
above the other. Electrical contacts are located at one end 
of each leaf spring. These contacts ore arranged so that 
as mechanical pressure is increased at one end (lower end) 

of the stack, the number of electrical contacts that close is 
SperaaseA to short out sections of resistor R2. Thus, the 
greater the mechanical pressure cpplied to the stack of 
leaf springs, the smaller the effective series resistance of 
RZ, Ifthe mechanical pressure is decreased, the effective 
series tesistance of R2 will be increased. A change in 
mechanical pressure is accomplished by placement uf the 
solenoid in proximity to the iron armature, which is spring- 
loaded and linked mechanically through a lever system to 
the stuck of leaf springs. ina steady-stat 
magnetic force attracting the iron armature is opposed 
ine mechanicul force of the cuncture 9p Ag against 
the iron armature, and only a few contacts are closed on 
tne stack of leaf springs to provide sume intermediate 
of resistance. 

When a ch: onge in generstor 

joltage developed a 
the magnetic flux developed iy the potential ‘coil aise 
changes. As a result, the mechanical force exerted on the 
stack of leaf springs is altered to change the number ot 
ed. This, in tum, changes the value 
with the shunt freid winding and 
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across the potential coil increases to develop a stronger 
magnetic field. Thus, the potential coil offers greater at- 
traction to the iron armature and decreases the mechanical 
pressure exerted on the stack of leaf springs (through the 
lever system); as a result, the value of resistance (R2) in 
seties with the shunt field winding increases, the current 
through the shunt field winding decreases, and the output 
voltage returns to its former value. Conversely, when the 
output voltage falls below g critical value, the voltage 
developed across the potential coil decreases, and the 
strength of the magnetic field developed by the potential 
coil also decreases. Thus, the potential coil offers less 
attraction to the iron armature, and the armature spring 
places a greater mechanical pressure on the stack of leaf 
springs; as a result, the value of resistance (R2) decreases, 
the current through the shunt field winding increases, and 
the output voltage retums to its former value. 

In a practical application of the multitapped-resistor 
regulator, regardless of the mechanical configuration 
employed to change the value of resistance, means must 
be provided for adjusting the regulator to the desired value 
of output voltage. This is normally accomplished by an 
initial adjustment of the mechanical spring tension which 
acts upon the armature and lever system (with resistor Rl 
set at mid-range), to obtain a steady-state condition where- 
by the magnetic force and the mechanical force ore in bal- 
ance, Minor variations in voltage characteristics during 
normal operation are compensated for by an adjustment of 
resistor Rl, which controls the current through the potential 
coil, to set the generator output voltage to the desired value. 

The discussion in the preceding paragraphs has been 
primarily concerned with the operation of the multitapped- 
tesistor regulator in conjunction with a d-c generator; how- 
ever, this type of regulator is frequently used in an a-c 
generating system. When the multitapped-resistor regulator 
is used to control the output of a multiphase a-c generator 
(alternator), the requlator obtains a d-c voltage for operation 
of the potential coil from a rectifier connected to one phase 
of the a-c output voltage, and the regulation action is the 
same as that described for the d-c generator . 

In conclusion, it can be seen that the multitapped- 
tesistor regulator acts as an automatic variable resistance 
in the field circuit of a d-c generator or in the field (exciter) 
circuit of an a-c generator (alternator), to hold the output 
voltage at a specified value of voltage regardless of 
changes in load. 

From the brief descriptions of voltage regulators given 
in the preceding paragraphs, it can be seen that the vibrat- 
ing-contact regulator, the carbon-pile regulator, and the 
multitapped-resistor regulotor are merely controlled, auto- 
matic variable resistors. The detailed theory of operation 
and the construction of electromechanical regulators are 
covered in Navy publications on basic electricity (or in 
course meterials for EM and AE ratings), and, therefore, will 
not be treated in this handbook. Only the basic principles 
will be discussed in this section of the handbook, as te- 
quired, to provide a better understanding of the application 
and the failure analysis of the electromechanical regulators 
discussed. 
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